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(57) ABSTRACT

A semiconductor device of the present invention 1s a semi-
conductor device including a thin film transistor and a thin
film diode. A semiconductor layer (113) of the thin film
transistor and a semiconductor layer (114) of the thin film
diode are both crystalline semiconductor layers. The semi-
conductor layer (113) of the thin film transistor and the semi-
conductor layer (114) of the thin film diode respectively
include portions formed by crystallizing the same amorphous
semiconductor {ilm. The thickness of the semiconductor layer
(114) of the thin film diode 1s greater than the thickness of the
semiconductor layer (113) of the thin film transistor. The
difference between the thickness of the semiconductor layer
(113) of the thin film transistor and the thickness of the
semiconductor layer (114) of the thin film diode 1s greater
than 25 nm. The surface roughness of the semiconductor
layer (114) of the thin film diode 1s larger than the surface
roughness of the semiconductor layer (113) of the thin film
transistor. As a result, the thin film transistor and the thin film
diode achieve respective required characteristics.
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SEMICONDUCTOR DEVICE AND DISPLAY
DEVICE

TECHNICAL FIELD

The present mvention relates to a semiconductor device
equipped with a Thin Film Transistor (TFT) and a Thin Film
Diode (TFD), a method of manufacturing the same, and a
display device using the semiconductor device.

BACKGROUND ART

In recent years, semiconductor devices having thin film
transistors (ITFTs) and thin film diodes (TFDs) on the same
substrate and electronic devices including such semiconduc-
tor devices have been developed. As a method of manufac-
turing such semiconductor devices, forming semiconductor
layers for the TFTs and the TFDs of the same crystalline
semiconductor film formed on a substrate has been proposed.

Patent Document 1 discloses an image sensor in which an
optical sensor unit utilizing a TFD and a driver circuit utiliz-
ing a TFT are formed on the same substrate. In Patent Docu-
ment 1, semiconductor layers of the TF'T and the TFD are
formed by crystallizing an amorphous semiconductor film
formed on the substrate.

When the TFT and the TFD are formed 1n a unified manner
on the same substrate as described above, the size of the
semiconductor device can be reduced. Additionally, 1t leads to
a significant cost advantage such as the reduction in the num-
ber of parts required. Further, 1t also makes 1t possible to
provide a product with new additional features, which would
not be available by conventional part combinations.

On the other hand, Patent Document 2 discloses a technol-
ogy of forming a'TFT of crystalline silicon (crystalline silicon
TFT) and a TFD of amorphous silicon (amorphous silicon
TFD) on the same substrate using the same semiconductor
f1lm (amorphous silicon film). Specifically, a catalyst element
that facilitates the crystallization of amorphous silicon 1s
added only to the region that 1s to be an active region of the
TFT in the amorphous silicon film formed on a substrate.
Then, a heat treatment 1s performed so as to form a silicon film
in which the crystallization has occurred only in the region
that 1s to be an active region of the TF'T, and the region that 1s
to be a TFD remains amorphous. By using such a silicon film,
a crystalline silicon TF'T and an amorphous silicon TFD can
be formed on the same substrate with ease.

Further, Patent Document 3 discloses forming an optical
sensor TFT that functions as an optical sensor and a switching
TFT that functions as a switching element using the same
semiconductor film (amorphous silicon film). More specifi-
cally, the channel region of the optical sensor TFT 1s formed
of an amorphous silicon film, and the source and drain regions
of the optical sensor TFT and the active region of the switch-
ing TFT are formed of a crystalline silicon film. Also, by
making the amorphous silicon film for the channel region of
the optical sensor TF'T thicker than the crystalline silicon film
for the active region of the switching TF'T, the sensitivity of
the optical sensor 1s improved.

Patent Document 3 discloses the following method to cre-
ate the above-mentioned TF'T's so that they become different
trom each other. First, an amorphous silicon film 1s formed on
a substrate. Next, in the photolithography to form 1sland-
shape films of the amorphous silicon film, the amorphous
silicon film 1s partially thinned with the half exposure tech-
nology using a gray tone mask. In this manner, a plurality of
amorphous silicon layers having different thicknesses are
provided. After that, these amorphous silicon layers are 1rra-
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diated with laser light such that the thinned regions of the
amorphous silicon layers (the regions that become the source
and drain regions of the optical sensor TF'T and the active
region of the switchuing TFT) are crystallized, and the region

that has not been thinned (the region that becomes the channel
region of the optical sensor TF'T) remains amorphous.

RELATED ART DOCUMENTS

Patent Documents

Patent Document 1: Japanese Patent Application Laid-Open
Publication No. H6-275808

Patent Document 2: Japanese Patent Application Laid-Open
Publication No. H6-275807

Patent Document 3: Japanese Patent Application Laid-Open
Publication No. 2005

SUMMARY OF THE INVENTION

Problems to be Solved by the Invention

According to Patent Document 1, the semiconductor layer
of a TFT and the semiconductor layer of a TFD are both
formed by crystallizing the same amorphous semiconductor
film. There 1s, however, a problem with this method that
device characteristics required for the TFT and for the TFD
are different from each other because their respective uses are
different, and 1t 1s difficult to satisty the respective device
characteristics required for the TFT and for the TFD at the
same time.

In the methods disclosed 1n Patent Document 2 and Patent
Document 3, the semiconductor layers of the TFT and the
TFD 1n different crystal states are formed from the same
amorphous semiconductor film. However, it 1s difficult to
achieve the optimized crystal state for each semiconductor
layer with the disclosed manufacturing processes. Also, with
the methods disclosed in Patent Document 2 and Patent
Document 3, 1t 1s still difficult to obtain a TEFT and a TFD with
excellent characteristics as explained hereinafter.

In the method of Patent Document 2, a single amorphous
semiconductor film 1s partially crystallized, and a TF'T (crys-
talline silicon TFT) 1s formed of the crystallized portion and
a TFD (amorphous silicon TFD) 1s formed of the portion left
amorphous. This method can improve characteristics of the
crystalline silicon TF'T by controlling the conditions for crys-
tallization. However, during the heat treatment process in
which a part of the amorphous silicon film 1s crystallized and
changed to crystalline silicon, hydrogen included 1n the origi-
nal amorphous silicon film 1s lost. This causes a problem of
not being able to fabricate an electrically reliable amorphous
silicon TFD using the portion that remains amorphous after
the heat treatment process. That 1s because, 1n the amorphous
silicon film shortly after the formation, bond hands of silicon
atoms are bonded with hydrogen (terminated), but during the
heat treatment process for crystallization, the bonding
between the silicon elements and hydrogen 1s broken and the
hydrogen 1s thereby lost, resulting in a poor quality amor-
phous silicon having a large number of dangling bonds of
silicon. Also, for the method disclosed 1n Patent Document 3,
for the reason similar to above, 1t 1s difficult to obtain an
clectrically reliable optical sensor TEF'T (amorphous silicon
TFT).

As described above, when a semiconductor device 1s
manufactured by forming a TFT and a TFD of the same
amorphous semiconductor film in the conventional tech-
niques, 1t 1s difficult to achieve both of the characteristics
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respectively required for the TF'T and the TFD. As a result, a
high-performance semiconductor device may not be

obtained.

The present invention was made 1n view of the above-
mentioned problems. It 1s an object of the present invention to
achieve characteristics respectively required for a thin film
transistor and for a thin film diode 1n a semiconductor device
having a thin film transistor and a thin film diode on the same
substrate.

Means for Solving the Problems

A semiconductor device of the present invention includes:
a thin film transistor that has a semiconductor layer including
a channel region, a source region, and a drain region, a gate
clectrode that controls a conductivity of the channel region,
and a gate insulating film disposed between the semiconduc-
tor layer and the gate electrode; and a thin film diode that has
a semiconductor layer including at least an n-type region and
a p-type region, wherein the semiconductor layer of the thin
film transistor and the semiconductor layer of the thin film
diode are both crystalline semiconductor layers, wherein the
semiconductor layer of the thin film transistor and the semi-
conductor layer of the thin film diode include portions formed
by crystallizing a same amorphous semiconductor film,
wherein a thickness of the semiconductor layer of the thin
film diode 1s greater than a thickness of the semiconductor
layer of the thin film transistor, wherein a difference between
the thickness of the semiconductor layer of the thin film
transistor and the thickness of the semiconductor layer of the
thin film diode 1s greater than 25 nm, and wherein a surface
roughness of the semiconductor layer of the thin film diode 1s
greater than a surface roughness of the semiconductor layer of
the thin film transistor.

In a preferred embodiment, an arithmetic average rough-
ness Ra of a surface of the semiconductor layer of the thin film
diode 1s greater than an arithmetic average roughness Ra of a
surface of the semiconductor layer of the thin film transistor.

In a preferred embodiment, a maximum height Rz of the
surface of the semiconductor layer of the thin film diode 1s
greater than a maximum height Rz of the surface of the
semiconductor layer of the thin film transistor.

In a preferred embodiment, ridges are formed on the sur-
faces of the semiconductor layer of the thin film transistor and
the semiconductor layer of the thin film diode, wherein an
average height of the ndges formed on the surfaces of the
semiconductor layer of the thin film diode 1s greater than an
average height of the ndges formed on the surface of the
semiconductor layer of the thin film transistor.

In a preferred embodiment, the ridges are present on
boundaries of crystal grains included in the semiconductor
layers.

The thin film diode may further include an intrinsic region
disposed between the n-type region and the p-type region of
the semiconductor layer of the thin film diode. In the semi-
conductor layer of the thin film diode, a surface roughness of
at least the intrinsic region may be greater than the surface
roughness of the semiconductor layer of the thin film transis-
tor.

The thin film transistor may be a plurality of thin film
transistors including an N-channel thin film transistor and a
P-channel thin film transistor.

A method of manufacturing a semiconductor device
according to the present invention 1s a method for manufac-
turing a semiconductor device that includes a thin film tran-
sistor and a thin film diode on a same substrate, wherein a
thickness and a surface roughness of a semiconductor layer of
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the thin film diode are greater than a thickness and a surface
roughness ol a sesmiconductor layer of the thin film transistor,
respectively, and includes: (a) forming a first film made of a
crystalline semiconductor 1n a first region of the substrate that
includes a region in which the thin film diode 1s to be formed,
wherein the first film 1s not formed 1n a second region imnclud-
ing a region in which the thin film transistor 1s to be formed;
(b) forming a second film made of an amorphous semicon-
ductor in the first region and the second region of the sub-
strate; (¢) crystallizing the second film by radiating laser light
over the second film to form a crystalline semiconductor film
including the first film and the second film that has been
crystallized; and (d) patterning the crystalline semiconductor
film to form a semiconductor layer that becomes an active
region of the thin film diode 1n the first region, and to form a
semiconductor layer that becomes an active region of the thin
f1lm transistor 1n the second region.

In a preferred embodiment, the step (a) includes forming a
f1lm made of an amorphous semiconductor at least in the first
region, and crystallizing the film made of an amorphous semi-
conductor by laser light irradiation to obtain the first film.

It 1s preferable that the thickness of the first {ilm 1n the
above-mentioned step (a) be greater than 25 nm.

The substrate may be a transparent substrate. The manu-
facturing method may further include forming a light shield-
ing layer that blocks light from entering through a surface on
the opposite side of the substrate 1n the first region of the
substrate, prior to the step (a). The step (a) may include (al)
forming a film made of a crystalline semiconductor on the
substrate having the light shielding layer formed thereon, (a2)
forming a resist layer by forming a resist film on a film made
of the crystalline semiconductor and by exposing and devel-
oping the resist film, and (a3) etching the film made of the
crystalline semiconductor using the resist layer as a mask to
obtain the first film. The step (a2) may include exposing the
resist {ilm from a surface on the opposite side of the substrate
using the light shielding layer as a mask.

A display device of the present invention 1s a display device
that includes: a display region having a plurality of display
units; a frame region disposed around the display region; and
an optical sensor umt including a thin film diode, wherein
cach of the display units has an electrode and a thin film
transistor connected to the electrode, wherein the thin film
transistor and the thin film diode are formed on the same
substrate, wherein the thin film transistor includes a semicon-
ductor layer including a channel region, a source region, and
a drain region, a gate insulating {ilm disposed so as to cover
the semiconductor layer, and a gate electrode disposed on the
gate msulating {ilm, wherein the thin film diode includes a
semiconductor layer including at least an n-type region and a
p-type region, wherein the semiconductor layer of the thin
film transistor and the semiconductor layer of the thin film
diode are both crystalline semiconductor layers, wherein the
semiconductor layer of the thin film transistor and the semi-
conductor layer of the thin film diode include portions formed
by crystallizing the same amorphous semiconductor film,
wherein a thickness of the semiconductor layer of the thin
film diode 1s greater than a thickness of the semiconductor
layer of the thin film transistor, wherein a difference between
the thickness of the semiconductor layer of the thin film diode
and the thickness of the semiconductor layer of the thin film
transistor 1s greater than 25 nm, and wherein a surface rough-
ness of the semiconductor layer of the thin film diode 1s
greater than a surface roughness of the semiconductor layer of
the thin film transistor.

In a preferred embodiment, the display region further
includes a backlight and a backlight control circuit that
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adjusts a luminance of light emitted by the backlight, wherein
the optical sensor unit generates illuminance signals accord-
ing to the brightness of ambient light and outputs the signal to
the backlight control circuit.

In a preferred embodiment, the display device has a plu-
rality of optical touch sensor units each of which has the
alorementioned optical sensor unit, wherein each of the plu-
rality of optical touch sensor units are disposed 1n the display
region so as to correspond to each of the display units or to
cach of a set of two or more display units.

Eftects of the Invention

According to the present invention, 1n the semiconductor
device having a TFT and a TFD formed on the same substrate,
semiconductor layers of the TFT and the TFD can be opti-
mized according to device characteristics required for respec-

tive elements. Therelore, the respective device characteristics
required for the TF'T and for the TFD can be both achieved.

A TFD of the present invention 1s suitably used as an
optical sensor in particular. The surface roughness of the
semiconductor layer of the TFD 1s greater than the surface
roughness of the semiconductor layer of the TFT. Therefore,
in the TFD, the retlection of light by the surface of the semi-
conductor layer can be suppressed, resulting 1in the improve-
ment ol the optical sensitivity thereof. Additionally, the thick-
ness of the semiconductor layer of the TFD 1s greater than the
thickness of the semiconductor layer of the TFT, resulting in
the improvement of the optical absorptionrate. As aresult, the
optical sensitivity 1s further improved. Theretfore, the light
utilization efficiency of the optical sensor can be greatly
enhanced and the light/dark ratio (SN ratio) can be thereby
improved. On the other hand, in the TF'T, because the surface
roughness of the semiconductor layer 1s maintained low, the
reliability (gate breakdown voltage) can be ensured. Also,
because the thickness of the semiconductor layer 1s main-
tained low, an OFF current can be reduced. Further, sub-
threshold characteristics such as a threshold voltage can be
improved.

Also, according to the manufacturing method of the
present 1nvention, the above-mentioned semiconductor
device can be manufactured with ease without increasing the
manufacturing steps or the manufacturing cost, and therefore,
a more compact, higher-performance product can be
achieved at a lower cost.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a cross-sectional diagram schematically showing
a semiconductor device according to Embodiment 1 of the
present invention.

FIGS. 2(A) to 2(E) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 1 of the present invention.

FIGS. 3(F) to 3(J) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 1 of the present invention.

FIGS. 4(A) to 4(D) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 2 of the present invention.

FIGS. 5(E) to S(H) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 2 of the present invention.

FIG. 6 1s a cross-sectional diagram schematically showing
a semiconductor device according to Embodiment 3 of the
present invention.
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FIGS. 7(A) to 7(E) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 3 of the present invention.

FIGS. 8(F) to 8(H) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 3 of the present invention.

FIGS. 9(I1) and 9(J) are cross-sectional diagrams schemati-
cally showing manufacturing steps of the semiconductor
device according to Embodiment 3 of the present invention.

FIG. 10 1s a circuit diagram of an optical sensor TFD
according to Embodiment 4 of the present invention.

FIG. 11 1s a configuration diagram of an optical sensor type
touch panel according to Embodiment 4 of the present inven-
tion.

FIG. 12 1s a plan view schematically illustrating a rear
substrate 1n the touch panel type liquid crystal display device
according to Embodiment 4 of the present invention.

FIG. 13 1s a perspective view 1llustrating a liquid crystal
display device with an ambient light sensor according to
Embodiment 4 of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

The mventors of the present application conducted studies
from various perspectives regarding a relationship between
structures of semiconductor layers of a TFT and a TFD and
their device characteristics 1n order to optimize the respective
device characteristics of the TFT and the TFD formed on the
same substrate. As a result, 1t was found out that, by control-
ling surface roughnesses of the semiconductor layers of the
TFT and the TFD, the device characteristics respectively
required for the TFT and for the TFD can be both achieved
regardless of the crystal states of these semiconductor layers.

Specifically, in the TFD (an optical sensor TFD used as an
optical sensor), by making the surface unevenness of the
semiconductor layer larger, the reflection of light incident
upon the semiconductor layer can be suppressed, and the light
current can be thereby increased. As a result, the sensitivity to
ambient light, or the light SN ratio (the ratio of the current
value under the light to the current value in the darkness) can
be improved. On the other hand, in the TFT, 11 the surface
unevenness of the semiconductor layer 1s large, the reliability
thereof (gate breakdown voltage, 1n particular) 1s lowered,
and for this reason, 1t 1s preferable to reduce the surface
unevenness of the semiconductor layer of the TFT as much as
possible.

Also, by increasing the thickness of the semiconductor
layer of the TFD, the optical absorption rate of the semicon-
ductor layer can be improved. Therefore, by increasing the
thickness as well as the surface unevenness of the semicon-
ductor layer of the TFD, the SN ratio can be more effectively
improved by the synergistic effect.

The invention of the present application was made based on
the above-described findings, and 1s characterized in that the
surface roughness of the semiconductor layer of the TFD 1s
greater than the surface roughness of the semiconductor layer
of the TFT, and the semiconductor layer of the TFD 1s thicker
than the semiconductor layer of the TFT. This makes it pos-
sible to 1ncrease the light current and thereby improve the
light utilization efficiency of the TFD as well as to ensure a
high reliability of the TFT.

The inventors of the present application also found out that,
when the surface unevenness generated 1n the crystallization
of an amorphous semiconductor film 1s used to make the
surface roughness of the semiconductor layer of the TFD
larger than the surface roughness of the semiconductor layer
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of the TFT, the manufacturing process can be greatly simpli-
fied as explained 1n detail below.

After the semiconductor film 1s once melted by laser light
irradiation, crystal nucle1 are generated, and the solidification
starts from the crystal nucle1 and continues sequentially. In
the last crystal grains to solidity, because of the difference in
volumes between a melted state and a solid state, the grain
boundary zone rises like a mountain ridge, or at a point of a
triple junction or more (multiple junctions) that makes the
border of three or more crystals, the surface rises like a moun-
tain. The above-mentioned surface unevenness 1s created in
this manner. In this specification, the raised portions shaped
like a mountain ridge and like a mountain are both referred to
as “ridge.”

Ina TFT, 1t has been previously considered that, when such
a ridge 1s present on a surface of a semiconductor layer
(channel interface), it causes the deterioration of interfacial
characteristics or a field effect mobility and the deterioration
of breakdown voltage characteristics of a gate insulating film
due to the concentration of electric fields at the tip portion of
the ridge, resulting 1n an insuificient reliability. Thus, the
reduction of the ridge has been considered as an important
1ssue, and there have been various studies conducted 1n an
elfort to reduce the ridge.

In contrast, the inventors of the present application con-
ducted a study on a process to utilize such a ridge for the
improvement of characteristics of a TFD. As a result, 1t was
found that the size of the ridge generated on a surface of a
semiconductor film can be controlled by the thickness of the
semiconductor film. It appears that this 1s because the ridge 1s
generated due to the volume differences between a melted
state and a solid state of the semiconductor film, and there-
fore, as the volume of the entire semiconductor film (thick-
ness) increases, the larger ridge will be created.

Based on such findings, the inventors of the present appli-
cation found that, by utilizing the ridges, a semiconductor
layer of a'TFT and a semiconductor layer of a TFD that has the
greater thickness and surface roughness than those of the
semiconductor layer of the TFT can be formed without mak-
ing the manufacturing process complicated, which led them
to the present invention.

In a manufacturing method of the present invention, first, a
first film made of a crystalline semiconductor 1s formed 1n a
region ol a substrate surface in which a TFD 1s to be formed.
The first film 1s not formed 1n a region 1n which a TFT 1s to be
formed. Next, in the regions in which the TFT and the TFD
are to be formed, a second film made of an amorphous semi-
conductor 1s formed. After that, the laser 1rradiation 1s per-
tormed for the second film from above the substrate so as to
crystallize the second film. In this manner, a crystalline semi-
conductor film made of the first film and a film that 1s the
crystallized second film 1s obtained.

In crystallizing an amorphous semiconductor film, as
described above, as the thickness (volume) of the amorphous
semiconductor film increases, the ndge formed on the surface
in the crystallization becomes larger. According to the present
invention, 1n the region 1 which the TFD 1s to be formed, not
only the second film made of an amorphous semiconductor,
but also a surface portion of the first film disposed under the
second film are melted and then solidified. Therefore, the
volume of the semiconductor film that 1s melted and solidified
1s greater than the volume of the semiconductor film 1n the
region in which the TFT 1s to be formed. Ridges formed on the
surface of the crystalline semiconductor film thereby become
larger 1n the region 1n which the TFD 1s to be formed than 1n
the region 1n which the TFT 1s to be formed. As a result, the
surface roughness of the crystalline semiconductor film
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becomes greater in the region 1 which the TFD 1s to be
formed than in the region 1n which the TFT 1s to be formed.
Also, the thickness of the crystalline semiconductor film
becomes greater, by the thickness of the first film, in the
region in which the TFD i1s to be formed than in the region in
which the TFT 1s to be formed.

As described above, 1n crystallizing the second film, the
surface portion of the first film that has been already crystal-
lized 1s also melted and solidified. The first film and the

second film are thereby unified, creating the partially thick
crystalline semiconductor film. Therefore, in the obtained
crystalline semiconductor film, a boundary portion between a
film formed by crystallizing the second film and the first film
1s not clear.

Next, in the crystalline semiconductor film, a semiconduc-
tor layer of the TFT 1s formed using the portion having a
smaller thickness and a smaller surface roughness, and a
semiconductor layer of the TFD 1s formed using the portion
having a greater thickness and a greater surface roughness.

As described above, according to the present invention,
there 1s no need to significantly increase the number of the
manufacturing process steps or complicate the manufacturing,
process 1 order to make the surface roughness and the thick-
nesses of the semiconductor layers of the TFT and the TFD
different from each other. Also, 1n contrast to the methods
described 1n Patent Documents 2 and 3, there 1s no need to
control the crystal state of each semiconductor layer sepa-
rately. Therefore, the semiconductor layers can be formed
with a simpler process.

In the above-mentioned method described 1n Patent Docu-
ment 3, the laser irradiation 1s performed for the amorphous
semiconductor {ilm that has been partially thinned. Here, the
irradiation conditions (such as an irradiation energy) and the
semiconductor film thickness are set such that only the thin-
ner portion 1s crystallized and the thicker portion that has not
been thinned remains amorphous. In this case, because no
ridge 1s formed on the surface of the portion left amorphous,
the surface roughness thereotf becomes much lower than the
surface roughness of the crystallized portion. Therefore, with
this method, 1t 1s not possible to form a thick semiconductor
layer with a high surface roughness. On the other hand, 1n the
method according to the invention of the present application,
the entire amorphous semiconductor film (second film) 1s
crystallized by the laser irradiation, leaving no amorphous
portion. Therefore, in the crystalline semiconductor film
obtained after the crystallization, ridges whose sizes are pro-
portional to the volume of the film that has been melted and
solidified are formed over the entire surface.

Also, the unpublished Japanese Patent Application No.
2008-276023 by the applicants of the present invention dis-
closes a method to form a semiconductor layer of a TFT
having a smaller thickness and a smaller surface roughness
and a semiconductor layer of a TFD having a greater thick-
ness and a greater surface roughness of the same amorphous
semiconductor film by performing the laser irradiation to a
partially thinned amorphous semiconductor {film. This
method 1s advantageous from a manufacturing process stand-
point, because two types of semiconductor layers can be
formed by a single crystallization process. This method, how-
ever, has a problem that AD, which 1s a difference in thick-
nesses between the semiconductor layer of the TFD and the
semiconductor layer of the TFT, cannot be further increased
(to exceed 25 nm, for example). That 1s because, when the
thickness difference AD 1s too big, 1t may cause poor crystal-
lization 1n a thicker portion of the amorphous semiconductor
film (a portion that becomes the active region of the TFD)
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during the crystallization process, resulting in decreasing the
surface roughness thereof nstead.

In contrast, according to the method of the present mven-
tion, another crystallization process 1s performed to crystal-
lize the first film, separately from the process to crystallize the
second film. Therefore, the thickness of the first film can be
selected with the high degree of flexibility according to the
desired thickness diflerence AD. By making the thickness of
the first film greater than 25 nm, for example, the thickness
difference AD between the semiconductor layers of the TFT
and the TFD can be made larger than 25 nm. It1s also possible
to create differences 1n surface roughnesses by using not only
the difference 1n thicknesses (volumes) of the semiconductor
film that 1s melted and solidified during the crystallization of
the second film, but also the surface unevenness formed on
the second film that follows the profile of the ridges formed on
the surface of the first film. Therefore, 1n the film obtained
alter the crystallization, the surface roughness of the portion
that becomes the active region of the TFD can be increased
clfectively. As aresult, it becomes possible to further increase
the thickness and the surface roughness of the semiconductor
layer of the TFD, and therefore, characteristics of the optical
sensor TFD can be further improved, while ensuring the
characteristics of the TFT.

Here, the difference 1n the crystal states between the semi-
conductor layer formed by the method described 1n the above-
mentioned Japanese Patent Application No. 2008-276023
and the semiconductor layer formed by the method according
to the present mnvention will be explained.

In the method described 1n the above-mentioned Japanese
Patent Application No. 2008-276023, the laser crystallization
1s performed for an amorphous semiconductor film having
portions of different thicknesses. Here, the optimal values of
the laser 1rradiation energy are different between the thicker
portion and the thinner portion of the amorphous semicon-
ductor film, and therefore, sizes of the crystal grains formed
therein also differ. When the irradiation 1s performed with the
optimal energy for a portion that becomes the semiconductor
layer of the TFT (thinner portion), for example, the crystal
grain size ol a portion that becomes the semiconductor layer
of the TFD (thicker portion) becomes smaller than the crystal
grain size of the portion that becomes the semiconductor
layer of the TFT.

In contrast, according to the present invention, when the
first film 1s formed by the laser crystallization, for example,
the 1rradiation energy can be optimized for the first film, and
therefore, the first film having the optimal crystal state can be
formed. After that, when the crystallization of the second film
1s performed, by optimizing the irradiation energy for the
portion of the second film that becomes the semiconductor
layer of the TF'T, the portion that becomes the semiconductor
layer of the TF'T can be crystallized with the optimal 1rradia-
tion energy (such that the crystal grains of the almost same
s1ze as those of the first film can be formed, for example).
Here, 1n a portion of the second film that 1s positioned above
the first film and that becomes the semiconductor layer of the
TFD, the second film 1s melted and solidified with a portion of
the first film. Therefore, the crystallization develops using
crystals of the first film as the nuclei. As a result, in the portion
of the second film that becomes the semiconductor layer of
the TFD as well, the crystal grains are formed 1n the almost
same size as that of the crystal grains of the first film. As
described above, according to the present invention, the crys-
tal grains of the semiconductor layers of the TFD and the TF'T
can be formed 1n the almost same size (1in other words, the
almost same crystal states can be achieved). Thus, as com-
pared with the case in which the method described in the
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above-mentioned Japanese Patent Application No. 2008-
276023 1s used, the crystal grain size of the semiconductor
layer of the TFD can be increased, and the crystallinity
thereof can be enhanced. Theretore, the TFD with a higher
performance can be formed.

The crystallinity (crystal grain size) of the semiconductor
layers of the TFD and the TFT can be examined by EBSP
(Electron Back Scattering Pattern) method or the like, for
example.

In the above-mentioned method, before forming the first
film, a light shielding layer may be formed 1n the region 1n
which the TFD 1s to be formed. In this case, after a crystalline
semiconductor film that 1s used to form the first film 1s formed
on a substrate, the exposure may be performed for the crys-
talline semiconductor film from the back surface of the sub-
strate using the light shielding layer as a mask so that the
crystalline semiconductor film can be patterned 1 a seli-
aligned manner. The number of photomasks can therefore be
reduced.

It 1s preferable that the thickness of the first {ilm 1n the
above-mentioned method be over 25 nm. The thickness dii-
terence AD between the semiconductor layer of the TFD and
the semiconductor layer of the TFT can therefore be over 25
nm. As a result, the optical absorption rate of the semicon-
ductor layer of the TFD can be greatly improved, while ensur-
ing the characteristics of the TFT.

In this specification, “surface roughness” refers to the
arithmetic average roughness Ra or the maximum height Rz
defined by JIS B 0601-2001. Therelore, 1t 1s suificient if at
least one of the two conditions 1s met: the arithmetic average
roughness Ra of the semiconductor layer of the TFD 1s greater
than the arithmetic average roughness Ra of the semiconduc-
tor layer of the TF'T, or the maximum height Rz of the semi-
conductor layer of the TFD i1s greater than the maximum
height Rz of the semiconductor layer of the TFT. This makes
it possible to make the reflection of light by the surface of the
semiconductor layer of the TFD lower than the reflection of
light by the surface of the semiconductor layer of the TFT.

More specifically, in this embodiment, the maximum
height Rz 1s defined by the height of the highest ridge regard-
less of the number of nndges disposed on the surface (density).
On the other hand, the arithmetic average roughness Ra
becomes greater 11 the density of the ridges 1s high, even when
the height of the ndges 1s low. Considering the growth mecha-
nism of the ridges, if the thickness of the semiconductor films
1s same, as the density of the ridges becomes lower (the
crystal grain size becomes bigger), the ridges tend to become
higher. As described here, the height of the ndges can be
changed not only by the volume of the semiconductor film
(thickness), but also by the crystal grain size.

Here, as the respective ridges formed on the surface of the
semiconductor layer become higher, the reflection of light
caused by the ridges can be suppressed more effectively, and
the characteristics of the optical sensor TFD can be thereby
improved. Therefore, when the maximum height Rz of the
surface of the semiconductor layer of the TFD 1s greater than
the maximum height Rz of the surface of the semiconductor
layer of the TF'T, the above-mentioned effects can be obtained
regardless of the value of the arithmetic average roughness
Ra.

Also, as the density of the ridges formed on the surface of
the semiconductor layer becomes higher, or as the arithmetic
average roughness Ra becomes greater, the reflection of light
can be suppressed more ellectively. Therefore, when the
arithmetic average roughness Ra of the surface of the semi-
conductor layer of the TFD 1s greater than the arithmetic
average roughness Ra of the surface of the semiconductor
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layer of the TF'T, the above-mentioned effects can be obtained
regardless of the value of the maximum height Rz.

It 15, however, preferable that the arithmetic average rough-
ness Ra of the surface of the semiconductor layer of the TFD
be greater than the arnthmetic average roughness Ra of the
surface of the semiconductor layer of the TFT, and the maxi-
mum height Rz of the surface of the semiconductor layer of
the TFD be greater than the maximum height Rz of the surface
ol the semiconductor layer of the TF'T. That 1s because, 1n this
way, the reflection of light can be suppressed and the SN ratio

of the TFD can be improved more reliably, while ensuring the
reliability of the TFET.

Embodiment 1

Hereinafter, Embodiment 1 of a semiconductor device
according to the present mvention will be explained with
reference to figures. The semiconductor device according to
this embodiment has an N-channel TFT and a TFD formed on
the same substrate, and 1s used as an active matrix type dis-
play device equipped with a sensor unit, for example.

FIG. 1 1s a cross-sectional diagram schematically showing
an example of the semiconductor device according to this
embodiment. The semiconductor device of this embodiment
typically has a plurality of TFTs and a plurality of TFDs
formed on the same substrate, but a configuration illustrated
here only has a single TFT and a single TFD for convenience.
Also, as an example of the TF'T, an N-channel TFT that has a
single drain structure 1s shown here, but the structure of the
TFT 1s not limited to such. A TFT of an LDD structure or a
GOLD structure may be disposed, or a plurality of TFTs
including an N-channel TFT and a P-channel TFT may be
disposed, for example.

The semiconductor device of this embodiment includes a
TFT and a TFD formed on underlying films 103 and 104 that
are disposed on a substrate 101. The TF'T has a semiconductor
layer 113 including a channel region 121, and source and
drain regions 119, a gate insulating film 115 disposed on the
semiconductor layer 113, a gate electrode 116 that controls
the conductivity of the channel region 121, and electrodes/
wiring lines 128 respectively connected to the source and
drain regions 119. The TFD has a semiconductor layer 114 at
least including an n-type region 120 and a p-type region 124
and electrodes/wiring lines 129 respectively connected to the
n-type region 120 and the p-type region 124. In the example
shown in the figure, an intrinsic region 125 1s disposed
between the n-type region 120 and the p-type region 124 in
the semiconductor layer 114.

On the TFT and the TFD, a silicon nitride film 126 and a
silicon oxide film 127 are formed as interlayer insulating
films. When a transparent substrate 1s used as the substrate
101, a light shielding film 102 may be disposed between the
semiconductor layer 114 of the TFD and the substrate 101 so
as to prevent light from coming 1n the semiconductor layer
114 from the back surface of the substrate 101.

The semiconductor layer 113 of the TFT and the semicon-
ductor layer 114 of the TFD are both crystalline semiconduc-
tor layers. Also, these crystalline semiconductor lavers
include portions formed by crystallizing the same amorphous
semiconductor film. The thickness d2 of the semiconductor
layer 114 of the TFD 1s greater than the thickness d1 of the
semiconductor layer 113 of the TFT. Also, the surface rough-
ness of the semiconductor layer 114 ofthe TFD 1s greater than
the surface roughness of the semiconductor layer 113 of the
TFT.

Onthe surfaces of these semiconductor layers 113 and 114,
ridges are formed. The ridges are generated 1n a process in
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which an amorphous semiconductor film 1s melted and solidi-
fied when the amorphous semiconductor film 1s 1rradiated
with laser light for crystallization. The ridges are typically
present on the boundaries of the crystal grains included in the
semiconductor layers 113 and 114. In this embodiment, the
average height of the ndges formed on the surface of the
semiconductor layer 114 of the TFD i1s greater than the aver-
age height of the ndges formed on the surface of the semi-
conductor layer 113 of the TFT. The surface roughness of the
semiconductor layer 114 is therefore greater than the surface
roughness of the semiconductor layer 113.

The semiconductor device of this embodiment has the
following advantages.

In the TFD (an optical sensor TFD, 1n particular) of this
embodiment, the thickness d2 of the semiconductor layer 114
1s greater than the thickness d1 of the semiconductor layer
113 of the TFT. This increases the optical absorption rate of
the semiconductor layer 114 of the TFD), and the sensitivity of
the TFD can therefore be enhanced. Also, the surface rough-
ness of the semiconductor layer 114 of the TFD 1s greater than
the surface roughness of the semiconductor layer 113 of the
TFT. Therefore, on the surface of the semiconductor layer
114, the reflection of incident light 1s suppressed by the sur-
face unevenness, resulting 1n the further enhancement of the
optical sensitivity. As a result, with such a synergistic effect,
the light current upon 1llumination can be increased, and the
light/dark ratio, which 1s the SN ratio, can be enhanced.

On the other hand, in the TFT of this embodiment, because
the thickness d1 of the semiconductor layer 113 1s small, the
OFF current can be reduced, resulting in the enhancement of
switching characteristics (the ON/OFF current ratio). Also,
upon the ON operation of the TF'T, the complete depletion can
be achieved faster, resulting 1n improvement of sub-threshold
characteristics such as the threshold voltage. Further, because
the surface roughness of the semiconductor layer 113 1s main-
tained at a low level, the breakdown voltage characteristics
and the reliability to gate bias stress of the gate insulating film
115 can be enhanced, and the field effect mobility can also be
improved.

As described above, according to this embodiment, the
thicknesses and the surface roughnesses of the semiconductor
layer 113 of the TFT and the semiconductor layer 114 of the
TFD can be made different without making their crystallini-
ties greatly different from each other so that the respective
clement characteristics can be optimized according to the
respective requirements.

When the semiconductor layer 114 of the TFD includes the
intrinsic region 125, 1f at least the surface roughness of the
intrinsic region 125 of the semiconductor layer 114 of the
TFD 1s greater than the surface roughness of the semiconduc-
tor layer 113 of the TFT (the surface roughness of the channel
region 121 1n particular), the effects similar to above can be
obtained.

In this embodiment, 1t 1s preferable that the difference AD
between the thickness d1 of the semiconductor layer 113 of
the TFT and the thickness d2 of the semiconductor layer 114
of the TFD be 5 nm or more. When the thickness difference
AD 1s smaller than 5 nm, 1t 1s difficult to make a desired
difference for the surface roughnesses between the semicon-
ductor layers 113 and 114 1n the laser crystallization process,
which may cause a difficulty 1 achieving both device char-
acteristics for the TFT and for the TFD at the same time. It 1s
more preferable that the above-mentioned difference AD be
over 25 nm. This makes 1t possible to enhance the SN ratio of
the TFD more effectively, while ensuring the characteristics
of the TFT. On the other hand, when the above-mentioned
difference AD becomes too large, the wiring lines 128 and
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129 may be broken due to the level difference, or the size of
the semiconductor device may be increased. Also, i the
manufacturing method described later, the difference AD 1s
substantially same as the thickness of the first film (FIG.
2(C)), and 1t can sometimes be difficult to form a first film
having such a great thickness by crystallization. When the
first 11lm 1s formed by crystallizing an amorphous semicon-
ductor film using an excimer laser as a crystallization device,
for example, 11 the amorphous semiconductor film to be crys-
tallized 1s too thick, 1t may reach the thickness limit for
crystallization. This thickness limit 1s about 110 nm, for
example, considering the laser energy and the transmaittance
of the amorphous semiconductor (a-S1) film. Therefore, it 1s
preferable that the difference AD (=thickness of the first film)
be 110 nm or less.

It 1s preferable to set the thicknesses d1 and d2 of the
semiconductor layers 113 and 114 of the TFT and of the TFD
such that the thickness difference AD stays within the above-
mentioned range, although the thicknesses are not particu-
larly limited to such. Here, the thickness d1 of the semicon-
ductor layer 113 1s set to 30 nm or more and 50 nm or less and
the thickness d2 of the semiconductor layer 114 is set to 55
nm or more and 110 nm or less.

There 1s no particular limitation on the surface roughness
of the semiconductor layers 113 and 114, but when the thick-
ness of the semiconductor layer 113 of the TFT 1s set to 40
nm, and the thickness of the semiconductor layer 114 of the
TFD 1s set to 100 nm, for example, 1t 1s preferable that the
arithmetic average roughness Ra of the surface of the semi-
conductor layer 113 be set to 4 nm or more and 6 nm or less,
and the arithmetic average roughness Ra of the surface of the
semiconductor layer 114 be set to 10 nm or more and 16 nm
or less. Also, it 1s preferable that the maximum height Rz of
the surface of the semiconductor layer 113 be set to 30 nm or
more and 50 nm or less, and the maximum height Rz of the
surface of the semiconductor layer 114 be set to 90 nm or
more and 150 nm or less. When the surface roughnesses of the
semiconductor layers 113 and 114 are within the above-
mentioned ranges, the optical sensitivity (a light current
value) of the TFD 1s enhanced by about 3.8 times as compared
with the optical sensitivity of a TFD formed of a semicon-
ductor layer having the thickness and the surface roughness
equal to those of a TFT (Ra: 4 to 6 nm), for example. This
enhancement ratio of the optical sensitivity 1s the value when
the thickness of the semiconductor layer 114 1s greater than
the thickness of the semiconductor layer 113 by 2.5 times, and
the surface roughness of the semiconductor layer 114 1s
greater than the surface roughness of the semiconductor layer
113 by 1.5 times, and the enhancement ratio of the optical
sensitivity of this embodiment is not limited to such.

Hereinafter, an example of a manufacturing method of the
semiconductor device according to this embodiment will be
explained with reference to figures.

First, as shown 1n FIG. 2(A), a light shielding layer 102 1s
formed on a substrate 101. Next, a silicon nitride film 103 and
a silicon oxide film 104 are formed thereon as underlying
films. After that, a first amorphous semiconductor film (here,
an amorphous silicon film) 105 1s formed over the substrate
101.

As the substrate 101, a low alkali1 glass substrate or a quartz
substrate can be used. In this embodiment, a low alkal1 glass
substrate 1s used. In this case, the substrate may be heat-
treated at a temperature that 1s about 10 to 20° C. lower than
the glass strain point 1n advance.

The light shielding layer 102 1s disposed so as to block the
light coming from the opposite surface of the substrate to the
TFD. For a material of the light shielding layer 102, a metal
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film, a silicon film, or the like can be used. When a metal film
1s used, it 1s preferable to use a high melting point metal, such
as tantalum (Ta), tungsten (W), or molybdenum (Mo), con-
sidering the heat treatment performed later in the manufac-
turing process. In this embodiment, an Mo film 1s formed by
sputtering and patterned to form the light shielding layer 102.

The light shielding layer 102 1s made to be 20 to 200 nm thick,
or preferably to be 30 to 150 nm thick. In this embodiment,
the thickness 1s set to 100 nm, for example.

The silicon nitride film 103 and the silicon oxide film 104
are disposed to prevent the diffusion of impurities from the
substrate 101. In this embodiment, these underlying films 103
and 104 are formed using the plasma CVD method. The
combined thickness of these underlying films 103 and 104 1s
100 to 600 nm, or preferably 150 to 450 nm. The two layers of
underlying films are used in this embodiment, but a single
layer of a silicon oxide film, for example, can be used without
any problem.

The amorphous silicon film 105 can be formed by a known
method such as the plasma CVD method or sputtering. The
thickness of the first amorphous silicon film 103 1s 30 nm or
more and 60 nm or less. Here, the thickness 1s set to 60 nm, for
example.

Next, as shown 1n FI1G. 2(B), the laser irradiation with laser
light 106 1s performed for the first amorphous silicon film 105
from above the substrate 101 so as to crystallize the first
amorphous silicon film 105, and a first crystalline silicon film
107 1s thereby obtained. In this embodiment, XeCl excimer
laser light with the wave length of 308 nm 1s used as the laser
light 106. The beam size of the laser light 106 1s formed such
that 1t 1s elongated on the surface of the substrate 101, and the
surface 1s scanned sequentially in the direction perpendicular
to the direction of the elongated side so that the entire surface
ol the substrate 1s crystallized. Here, 1t 1s preferable to con-
duct the scanning such that the beams partially overlap one
another. In this way, a given point of the first amorphous
silicon film 105 1s irradiated with the laser multiple times, and
the uniformity of the crystal state can therefore be enhanced.

When the laser light 106 1s radiated, the first amorphous
silicon film 105 1s crystallized in the process of instanta-
neously melting and solidifying, and then becomes a first
crystalline silicon film 107. On the surface of the first crys-
talline silicon film 107, as shown in the figure, ridges are
formed due to the difference 1n volumes between the melted
state and the solid state in the melting and solidifying process.
As the volume (thickness) of the first amorphous silicon film
105 increases, the ridge formed here becomes larger.

Next, as shown in FIG. 2(C), a crystalline silicon film
(referred to as “first film” hereinafter) 108 that becomes a
lower layer 1s formed by patterning the first crystalline silicon
film 107. The first film 108 1s formed 1n a region of the
substrate 101 1in which the TFD 1s to be formed, but i1s not
formed 1n a region 1n which the TFT 1s to be formed. After
that, a second amorphous semiconductor film (an amorphous
s1licon film, 1n this case) 109 1s formed over the entire region
of the substrate 101 in which the TFT and the TFD are to be
formed. It 1s preferable to form the second amorphous silicon
f1lm 109 so as to make contact with the first film 108.

The second amorphous silicon film 109 can be formed by
a known method such as the plasma CVD method or sputter-
ing. The thickness of the second amorphous silicon film 109
1s 25 nm or more and 60 nm or less. Here, the thickness 1s set
to 40 nm, for example. That 1s, the first film 108 and the
second amorphous silicon film 109 overlap 1n the region 1n

which the TFD 1s to be formed, and the combined thickness of
these films becomes 100 nm.
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In this embodiment, 1n a portion 1095 that 1s a part of the
second amorphous silicon film 109 and that 1s positioned
above the first film 108, the surface unevenness 1s formed
tollowing the profile of the ridges formed on the surface of the
first film 108. Therefore, the surface roughness of the portion
1095 1s greater than the surface roughness of a portion 109qa
that1s a part of the second amorphous silicon film 109 and that
1s not overlapping the first film 108.

Next, as shown in FIG. 2(D), the laser irradiation with laser
light 110 1s performed for the second amorphous silicon film
109 from above the substrate 101 so as to crystallize the
second amorphous silicon film 109. In this embodiment,
XeCl excimer laser light with the wave length of 308 nm 1s
used as the laser light 110. The beam size of the laser light 110
1s formed such that 1t 1s elongated on the surface of the
substrate 101, and the surface 1s sequentially scanned 1n the
direction perpendicular to the direction of the elongated side
so that the entire surface of the substrate 1s crystallized. Here,
it 1s preferable to conduct the scanning such that the beams
partially overlap one another. In this way, a given point of the
second amorphous silicon film 109 1s irradiated with the laser
multiple times, and the uniformity of the crystal state can
therefore be enhanced.

When the laser light 110 1s radiated, the second amorphous
silicon film 109 i1s crystallized in the process of instanta-
neously melting and solidifying. Here, the melting and solidi-
tying process for crystallization occurs not only 1n the second
amorphous silicon film 109, but also in the surface portion of
the first film 108 disposed below the second amorphous sili-
con {1lm 109. As aresult, a crystalline semiconductor film 111
including the first film 108 and a film that 1s formed by
crystallizing the second amorphous silicon film 109 1is
formed.

The crystalline semiconductor film 111 includes a crystal-
line portion 1115 that 1s positioned 1n the region 1n which the
TFD 1s to be formed and that 1s formed from the second
amorphous silicon film 109 and the first film 108, and a
crystalline portion 111a that i1s positioned in the region 1n
which the TFT 1s to be formed and that 1s formed from the
second amorphous silicon film 109 only. Therefore, 1n the
crystalline silicon film 111, the thickness of the crystalline
portion 1115 becomes greater than the thickness of the crys-
talline portion 111a by the amount corresponding to the
thickness of the first film 108.

Also, as shown in the figure, 1n the obtained crystalline
semiconductor film 111, the surface roughness of the crystal-
line portion 1115 becomes greater than the surface roughness
of the crystalline portion 111a for the reason described below.

In crystallizing the second amorphous silicon film 109, in
the region 1n which the TFD 1s to be formed, the melting and
solidifying process occurs not only 1n the second amorphous
s1licon {ilm 109, but also 1n the surface portion of the first film
108. Theretfore, the thickness of the semiconductor films that
have been melted and solidified (the combined thickness of
the second amorphous silicon film 109 and the surface portion
of the first film 108 that has been melted and solidified)
becomes greater than the thickness of the semiconductor film
(thickness of the second amorphous silicon film 109) 1n the
region in which the TFT 1s to be formed. As described above,
as the volume (thickness) of a semiconductor film increases,
respective ridges become larger. For this reason, on the sur-
face of the crystalline portion 1115, the larger ridges are
tormed. Further, as described above, 1n the second amorphous
silicon film 109, the surface roughness of the portion 1095
disposed on the first film 108 1s greater than the surface
roughness of the portion 109q that 1s not overlapping the first

film 108. This difference 1n the surface roughness 1s retlected
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to the crystalline semiconductor film 111 after the crystalli-
zation, and as a result, the larger ridges are formed on the
surface of the crystalline portion 1115 positioned on the first
film 108.

Next, as shown in FIG. 2(E), resist layers 112 are respec-
tively formed on the crystalline portions 111a and 1115 of the
crystalline silicon film 111.

Afterthat, as shownin FI1G. 3(F), using the resist layers 112
as masks, unnecessary regions of the crystalline silicon film
111 are removed so that elements are separated. As a result, a
semiconductor layer 113 that later becomes an active region
of the TFT (source and drain regions, and a channel region) 1s
formed of the crystalline portion 1114 of the crystalline sili-
con film 111, and a semiconductor layer 114 that later
becomes an active region of the TFD (n™-type/p™-type
regions, and an intrinsic region) 1s formed of the crystalline
portions 1115.

The obtained semiconductor layers 113 and 114 include
crystalline portions formed by crystallizing the second amor-
phous semiconductor film 109. Specifically, the entire semi-
conductor layer 113 and an upper layer portion of the semi-
conductor layer 114 are formed from the same amorphous
semiconductor film.

Next, as shown 1n FIG. 3(G), a gate msulating film 115
covering these 1sland-shape semiconductor layers 113 and
114 1s formed. Then, a gate electrode 116 for the to-be-
formed TFT 1s formed on the gate insulating film 115.

It 1s preferable to use a silicon oxide film 1n the thickness of
20 to 150 nm for the gate insulating film 115. Here, a 100
nm-thick silicon oxide film 1s used.

The gate electrode 116 1s formed by depositing a conduc-
tive {1lm on the gate msulating film 115 with sputtering, the
CVD method, or the like, and by patterning this conductive
film. It 1s desirable to form the conductive film of a high
melting point metal, such as W, Ta, T1, or Mo, or an alloy
thereol. Also, 1t 1s preferable that the thickness of the conduc-
tive film be 300 to 600 nm. In this embodiment, tantalum
(thickness: 450 nm) with a minute amount of nitrogen added
1s used.

Next, as shown 1n FIG. 3(H), amask 117 made of aresist 1s
formed on the gate mnsulating film 115 so as to cover a part of
the semiconductor layer 114 that becomes the active region of
the TFD later. Then, 1n this condition, the entire surface of the
substrate 101 1s 1on-doped with an n-type impurity (phospho-
rus) 118 from above. The phosphorus 118 1s implanted into
the semiconductor layers 113 and 114, passing through the
gate msulating film 115. In this process, the phosphorus 118
1s implanted 1nto the region 1n the semiconductor layer 114 of
the TFD that 1s not covered by the resistmask 117 and into the
regions in the semiconductor layer 113 of the TFT that are not
covered by the gate electrode 116. The phosphorus 118 1s not
doped 1nto the regions covered by the resist mask 117 or by
the gate electrode 116. As aresult, 1n the semiconductor layer
113 of the TFT, the regions into which the phosphorus 118
was implanted become the source and drainregions 119 of the
TFT that will be formed later. The region that 1s covered by
the gate electrode 116 and 1s not implanted with the phospho-
rus 118 becomes the channel region 121 of the TFT later.
Also, 1n the semiconductor layer 114 of the TFD, the region
into which the phosphorus 118 was implanted becomes the
n*-type region 120 of the to-be-formed TFD.

After removing the resist mask 117, as shown 1n FI1G. 3(1),
a mask 122 made of a resist 1s formed on the gate insulating
f1lm 1135 so as to cover a part of the semiconductor layer 114
that will become the active region of the TFD later, and the
entire semiconductor layer 113 that will become the active
region of the TF'T later. In this condition, the entire surface of
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the substrate 101 1s 10on-doped with a p-type impurity (boron)
123 from above. In this 1on-doping, the boron 123 passes
through the gate insulating film 115, and 1s implanted into the
semiconductor layer 114. In this process, 1n the semiconduc-
tor layer 114 of the TFD, the boron 123 1s implanted into a
region not covered by the resist mask 122, and that region
becomes the p™-type region 124 of the to-be-formed TFD.
Also, 1inthe semiconductor layer 114 of the TFD, a region into
which neither boron nor phosphorus was 1mplanted wall
become the ntrinsic region 125 later.

After removing the resist mask 122, a heat treatment 1s
conducted under an 1nert atmosphere such as a nitrogen atmo-
sphere. With this heat treatment, the source and drain regions
119 of the TFT and the n™-type region 120 and the p™-type
region 124 of the TFD can recover from doping damages such
as crystal defects generated during the doping. The phospho-
rus and the boron doped 1nto the respective regions are also
activated. A standard heating furnace can be used for this heat
treatment, but it 1s preferable to use RTA (Rapid Thermal
Annealing). In particular, the one that blows a hot inert gas to
the surface of the substrate to instantaneously raise/lower the
temperature can be suitably used.

Next, as shown in FIG. 3(J), a silicon mitride film 126 and
a silicon oxide film 127 are formed in this order as interlayer
insulating films. A heat treatment for hydrogenating the semi-
conductor layers 113 and 114, such as annealing at 350 to
450° C. under 1 atm of a nitrogen atmosphere or a hydrogen-
mixed atmosphere, may be performed as necessary. Next,
contact holes are formed 1n the interlayer insulating films 126
and 127. Then, a film made of a metal material (a two-layer
film constituted of titanium nitride and aluminum, {for
example) 1s deposited on the interlayer insulating film 127
and the mside of the contact holes, and 1s patterned to form
clectrodes/wiring lines 128 of the TFT and electrodes/wiring
lines 129 of the TFD. In a manner described above, a thin film
transistor 130 and a thin film diode 131 can be obtained. Here,
a protective film made of a silicon nitride film or the like may

be disposed over the thin film transistor 130 and the thin film
diode 131 to protect these elements.

According to the method described above, the film forma-
tion and crystallization process 1s performed twice. That 1s,
the formation and crystallization process of the amorphous
semiconductor film to form the first film 108 (first film for-
mation and crystallization process), and the formation and
crystallization process of the second film 109 (second film
formation and crystallization process) are performed. This
makes 1t possible to form the semiconductor layers 113 and
114 of different thicknesses and surface roughnesses without
making the manufacturing process complicated.

The crystallization to form the first film 108 (first crystal-
lization process) may be performed by a method other than
the laser crystallization. As long as there 1s a film made of a
crystalline semiconductor formed as the first film 108, the
surface roughness of the semiconductor layers 113 and 114
can be made different by utilizing ridges generated 1n the
second crystallization process. It 1s, however, preferable to
form the first film 108 by the laser crystallization as in the
above-mentioned method. This allows ridges to be formed on
the surface of the first film 108, and therefore, 1n the second
film 109, the surface unevenness of the portion 1095 posi-
tioned on the first film 108 can be made larger than that of the
other portion 1094. By using such a surface unevenness of the
second {ilm 109 in addition to the ridges generated 1n the
second crystallization process, the difference 1n the surface
roughnesses between the semiconductor layers 113 and 114
can be further increased.
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The wrradiation energy of laser light 1s not limited to a
specific value and can be appropriately set 1n each crystalli-

zation process. In the first crystallization process (FIG. 2(B)),
it 15 preferable to set the irradiation energy for the first film so
as to be optimized for the amorphous semiconductor film 105
used to form the first film. In the second crystallization pro-
cess (FIG. 2(D)), 1t 1s preferable to set the irradiation energy
so as to be optimized for the second film 109. As a result, the
crystalline portion (portion that becomes the active region of
the TFT later) 111a having the highly desired crystallinity can
be obtained, which can reliably ensure the TFT characteris-
tics. On the other hand, the irradiation energy might become
insuificient for the portion 10956 of the second film 109 that
overlaps the first film 108 (portion that becomes the active
region of the TFD later). However, because the crystallization
in the portion 1095 develops under the influence of the crystal
grain size ol the first film 108, the crystallinity equivalent to
that of the first film 108 can be obtained. Therefore, the
crystalline portion (portion that becomes the active region of
the TFD later) 1115 having a high crystallinity equivalent to
that of the crystalline portion 111a can be obtained. Even 1t
the crystallinity of the active region of the TFD became
slightly lower than the crystallinity of the active region of the
TFT as a result of the insuilicient irradiation energy for the
portion 1095 of the second film 109 that becomes the active
region of the TFD, it will not largely affect the performance of
the optical sensor TFD such as a sensor sensitivity.

According to this embodiment, the irradiation energy 1s
optimized 1n the first and second crystallization processes,
respectively. Theretfore, the crystallimity of the semiconductor
layer 114 of the TFD can be made higher than the crystallinity
of the semiconductor layer of the TFD disclosed 1n Japanese
Patent Application No. 2008-276023, for example, while
ensuring the crystallinity of the semiconductor layer 113 of
the TFT. As a result, the surface roughness of the semicon-
ductor layer 114 also becomes greater than the surface rough-
ness of the semiconductor layer of the TFD disclosed in
Japanese Patent Application No. 2008-276023 mentioned
above. Also, 1n Japanese Patent Application No. 2008-
276023, the difference in surface roughnesses 1s achieved
through a single laser crystallization 1n which an amorphous
semiconductor film having different thicknesses i1s crystal-
lized. On the other hand, 1n this embodiment, while the laser
irradiation 1s performed only once to the second film that
becomes the semiconductor layer 113 of the TF'T, the laser
irradiation 1s performed twice 1n total for the first film and the
second film that become the semiconductor layer 114 of the
TFD. Therefore, the difference in the surface roughnesses
between the semiconductor layers 113 and 114 of the TFD
and the TFT can be made greater than the difference 1n surface
roughnesses obtained by the method described 1n Japanese
Patent Application No. 2008-276023 mentioned above. As
described above, according to this embodiment, 1t 1s possible
to make the thickness difference AD as well as the difference
in surface roughnesses between the semiconductor layers of
the TFD and the TFT greater than the differences in thick-
nesses and surface roughnesses 1n the semiconductor device
described 1n Japanese Patent Application No. 2008-276023
mentioned above. Therefore, the desired characteristics of the
TFT and the TFD can be both achieved more reliably.

Embodiment 2

Hereinafter, Embodiment 2 of the semiconductor device
according to the present mvention will be explained with
reference to figures. The semiconductor device of this
embodiment has a configuration similar to that of the semi-
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conductor device of Embodiment 1 (FIG. 1). However, this
embodiment differs from Embodiment 1 1n that the manufac-
turing process 1s further simplified by utilizing a pattern of a
light shielding layer.

First, as shown 1n FIG. 4(A), a light shielding layer 202 1s
pattern-formed on a substrate 201, and then, a silicon nitride
f1lm 203 and a silicon oxide film 204 are formed thereon as
underlying films. Next, a first amorphous silicon film 205 1s
tormed. These films are formed by methods similar to the

methods described above with reference to FIG. 2(A). Also,

the thickness of the first amorphous silicon film 205 1s set to
60 nm, for example.

Next, as shown 1n FIG. 4(B), the laser irradiation with laser
light 206 1s performed for the first amorphous silicon film 2035
from above the substrate 201 so as to crystallize the first
amorphous silicon film 205, and a first crystalline silicon film
207 1s thereby obtained. In this embodiment, XeCl excimer
laser light with the wave length of 308 nm 1s used as the laser
light 206. In this manner, the first amorphous silicon film 2035
1s crystallized, and becomes the first crystalline silicon film
207. As shown 1n the figure, on the surface of the first crys-
talline silicon film 207, ridges are formed due to the differ-
ence 1 volumes between the melted state and the solid state
in the melting and soliditying process. As the volume (thick-
ness) of the first amorphous silicon film 205 increases, the
ridge formed here becomes larger.

Next, as shown 1n FIG. 4(C), a photoresist 208 1s applied
over the first crystalline silicon film 207. Then, exposure 209
1s performed to the photoresist 208 from the back surface side
of the substrate 201. Here, a portion of the photoresist 208 that
overlaps the light shielding layer 202 1s not affected by the
exposure.

After the exposure, the photoresist 208 1s developed. Then,
as shown in FIG. 4(D), a resist mask 210 having the same
pattern as that of the light shielding layer 202 can be obtained.

Next, as shown 1n FIG. 5(E), the first crystalline silicon film
207 1s patterned using the resist mask 210. As a result, an
island-shape crystalline silicon film (hereinafter, referred to
as “first film”) 211 having the same pattern as that of the light
shielding layer 202 can be obtained. After that, the resistmask
210 1s removed.

Next, as shown 1n FIG. 5(E), a second amorphous semi-
conductor film (an amorphous silicon film, in this case) 212 1s
formed over the entire substrate 201 so as to cover the first
film 211. It 1s preferable to form the second amorphous sili-
con 11lm 212 so as to make contact with the first film 211. The
thickness of the second amorphous silicon film 212 1s setto 40
nm, for example. Therefore, in the region 1n which the TFD 1s
to be formed (region 1n which the light shielding layer 202 1s
tormed), the first film 211 and the second amorphous silicon
film 212 overlap, and the combined thickness of these films
becomes 100 nm.

In this embodiment, 1n a portion 2125 that 1s a part of the
second amorphous silicon film 212 and that 1s positioned
above the first film 211, the surface unevenness 1s formed
tollowing the profile of the ridges formed on the surface of the
first film 211. Therefore, the surface roughness of the portion
212b 1s greater than the surface roughness of a portion 212a
thatis a part of the second amorphous silicon film 212 and that
1s not overlapping the first film 211.

Next, as shown 1n FIG. 3(F), the laser irradiation with laser
light 213 1s performed for the second amorphous silicon film
212 from above the substrate 201 so as to crystallize the
second amorphous silicon film 212. In this embodiment,
XeCl excimer laser light with the wave length of 308 nm 1s
used as the laser light 213.

10

15

20

25

30

35

40

45

50

55

60

65

20

When the laser light 213 1s radiated, the second amorphous
silicon film 212 is crystallized in the process of instanta-
neously melting and solidifying. Here, the melting and solidi-
tying process for crystallization occurs not only 1n the second
amorphous silicon film 212, but also in the surface portion of
the first film 211 disposed under the second amorphous sili-
con 11lm 212. As aresult, a crystalline semiconductor film 214
including the first film 211 and a film that 1s formed by
crystallizing the second amorphous silicon film 212 1is
formed. The crystalline semiconductor film 214 includes a
crystalline portion 2145 that i1s positioned in the region 1n
which the TFD 1s to be formed and that 1s formed from the
second amorphous silicon film 212 and the first film 211, and
a crystalline portion 214q that is positioned 1n the region 1n
which the TFT 1s to be formed and that 1s formed from the
second amorphous silicon film 212 only. Therefore, 1n the
crystalline silicon film 214, the thickness of the crystalline
portion 2145 becomes greater than the thickness of the crys-

talline portion 214a by the amount corresponding to the
thickness of the first film 211. Also, as described above with

reference to FIG. 2(D), in the obtained crystalline semicon-
ductor film 214, the surface roughness of the crystalline por-
tion 2145 becomes greater than the surface roughness of the
crystalline portion 214a.

Next, as shown i FIG. 5(G), the resist layers 215 are
respectively formed on the crystalline portions 214a and 21456
of the crystalline semiconductor film 214.

After that, as shown 1n FIG. 5(H), using the resist layers
215 as a mask, unnecessary regions of the crystalline semi-
conductor film 214 are removed so that the elements are
separated. As a result, a semiconductor layer 216 that later
becomes the active region of the TFT (source and drain
regions, and a channel region) 1s formed of the crystalline
portion 214a of the crystalline semiconductor film 214, and a
semiconductor layer 217 that later becomes the active region
of the TFD (n™-type and p*-type regions, and an intrinsic
region) 1s formed of the crystalline portions 2145.

Thereatter, although not shown in the figure, the TFT and
the TFD are respectively fabricated using the semiconductor
layers 216 and 217 by the method similar to the method of
Embodiment 1 described above with reference to FIGS. 3(G)
to 3(J).

According to this embodiment, the effects similar to those
of Embodiment 1 can be obtained. Also, because the first
crystalline silicon film 207 1s patterned by the exposure from
the back surface utilizing the pattern of the light shielding
layer 202, the manufacturing process steps can be reduced as
compared with the method described above with reference to
FIGS. 2 and 3. Specifically, the number of photomasks to be
used can be reduced by one as compared with the method 1n
Embodiment 1. Therefore, the effects of the present invention
can be obtained without greatly increasing the manufacturing
process steps as compared with the conventional process.

Embodiment 3

Hereinafter, Embodiment 3 of the semiconductor device
according to the present invention will be explained. In
Embodiment 1 and Embodiment 2 described above, 1n order
to explain the basic configuration of the present mvention
with clarity, the manufacturing methods of the semiconductor
devices of the simplest configuration have been explained
using the methods to form an N-channel TFT and an optical
sensor TFD on the same substrate as examples. Here, a
method of manufacturing a semiconductor device that has a
plurality of TF'T's and TFDs of different conductive types and
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configurations on the same substrate and that can be used for
an electronic device having an optical sensor unit and a dis-
play unit will be explained.

The semiconductor device of this embodiment 1s an active
matrix substrate of a display device that 1s equipped with an 53
optical sensor function and that has a circuit section including
a plurality of TFTs, a pixels section (also referred to as a
display region) including a plurality of pixels, and an optical
sensor section icluding optical sensor TFDs on the same
substrate. 10

FIG. 6 1s a cross-sectional view schematically showing a
part of the semiconductor device according to this embodi-
ment.

The circuit section 401 includes an N-channel TFT and a
P-channel TFT. In this embodiment, a TFT of the GOLD 15
(Gate overlapped LDD) structure that has a high reliability
against the hot carrier deterioration 1s used as the N-channel
TFT. As the P-channel TFT, a TF'T of a so-called single drain
structure that has no LDD region 1s used.

The pixels section 403 includes TFTs (pixel TEF'T's) that are 20
disposed with respect to the respective pixels and that work as
switching elements, and auxiliary capacitors connected
thereto. As the pixel TFT, a TFT of the LDD structure having,
L.DD regions disposed with an offset to the sides of source and
drain regions from a gate electrode to reduce the OFF current 25
1s used. Also, i order to divide an electric voltage applied
between the source and the drain and to suppress the OFF
current more effectively, 1t 1s preferable to have a structure 1n
which two gate electrodes are arranged 1n series with respect
to one semiconductor layer (dual-gate structure). 30

The optical sensor section 405 1ncludes at least one optical
sensor TFD. In this embodiment, the optical sensor section
405 1s disposed inside of the pixels section 403 so as to
correspond to one or a plurality of pixels. The optical sensor
section 405, however, may not be disposed so as to corre- 35
spond to a pixel or pixels, and it may be disposed 1n a region
other than the pixels section 403 ({frame region).

In this embodiment, all of the semiconductor layers (active
regions) of the above-mentioned TFTs and TFDs are crystal-
line semiconductor layers, and have portions obtained by 40
crystallizing the same amorphous semiconductor film. The
semiconductor layers of the TFDs are thicker than the semi-
conductor layers of the TFTs. Also, the surface roughness of
the semiconductor layers of the TFDs 1s greater than the
surface roughness of the semiconductor layers of the TFTs. 45
Further, the crystal states of the semiconductor layers of the
TFT and the TFD are substantially same.

Such semiconductor layers are formed in the method simi-
lar to the above-mentioned methods of Embodiment 1 and
Embodiment 2. First, a first film made of a crystalline semi- 50
conductor 1s formed 1n a region in which the TFD 1s to be
tormed. The first film 1s not formed 1n a region 1n which the
TFTs are to be formed. Next, an amorphous semiconductor
f1lm (second film) 1s formed so as to cover the first film, and a
semiconductor film made of the first film and the second film 55
1s formed. The semiconductor film becomes thicker in the
region 1n which the TFD 1s to be formed by the thickness of
the first film. Also, a portion of the semiconductor film posi-
tioned on the first film has a surface unevenness reflecting the
surface roughness of the first film. After that, laser 1s radiated 60
to the semiconductor film from above the second film so as to
form a crystalline semiconductor film. The obtained crystal-
line semiconductor film 1s thicker and has larger ridges in the
region 1n which the TFD 1s to be formed than 1n the region in
which the TFTSs are to be formed. The semiconductor layers 65
of the TFT and of the TFD are obtained by patterning this
crystalline semiconductor film. As a result, the semiconduc-
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tor layer of the optical sensor TFD becomes thicker than the
semiconductor layers of the N-channel TFT, the P-channel
TFT, and the pixel TFT, and a semiconductor layer that
becomes a lower electrode of an auxiliary capacitor. Also, the
surface roughness of the TFD becomes greater than the sur-
face roughness of the semiconductor layers of these TFTs.

One example of the manufacturing method of the semicon-
ductor device according to this embodiment will be explained
more specifically.

First, as shown 1n FIG. 7(A), a light shielding layer 302 1s
pattern-formed on a substrate 301, and then, a silicon nitride
film 303 and a silicon oxide film 304 are formed thereon as
underlying films. Next, a first amorphous semiconductor film
(here, an amorphous silicon film) 305 1s formed. These films
are formed 1n the methods similar to the methods described
above with reference to FIG. 2(A). Also, the thickness of the
first amorphous silicon film 305 1s set to 60 nm, for example.

Next, as shown 1n FIG. 7(B), laser irradiation with laser
light 306 1s performed for the first amorphous silicon film 305
from above the substrate 301 so as to crystallize the first
amorphous silicon film 305, and a first crystalline silicon film
307 1s thereby obtained. The crystallization method and con-
ditions are similar to the method and the conditions of the
above-mentioned embodiments. On the surface of the first
crystalline silicon film 307, a plurality of ridges are formed as
shown 1n the figure.

Next, as shown 1n FIG. 7(C), the first crystalline silicon
film 307 1s patterned to form an i1sland-shape first film 308
made of crystalline silicon 1n a region of the substrate 301 in
which the TFD 1s to be formed. In a manner similar to the
method described above with reference to FIGS. 4(C) and
4(D), the patterning of the first crystalline silicon film 307
may be performed by the exposure from the back surface
utilizing the pattern of the light shielding layer 302.

Thereatter, on the first film 308, a film made of amorphous
silicon (referred to as “second film™) 309 1s formed over the
entire surface of the substrate 301. The thickness of the sec-
ond film 309 is set to 40 nm. In the second film 309, a portion
3095 positioned on the first film 308 has a surface unevenness
formed following the profile of the ridges formed on the
surface of the first film 308. Therefore, the surface roughness
of the portion 3095 1s greater than the surface roughness of a
portion 309q that does not overlap the first film 308. Also, the
thickness of the portion 1n which the first film 308 and the
second film 309 overlap 1s 100 nm, which 1s greater than the
thickness of the portion that only includes the second film 309
by the thickness of the first film 308.

Next, as shown 1n FIG. 7(D), laser irradiation with laser
light 310 1s performed for the second film 309 from above the
substrate 301 for the crystallization, and a crystalline silicon
film 311 1s thereby obtained. The crystallization method and
conditions are similar to the method and the conditions of the
above-mentioned embodiments.

The crystalline silicon film 311 includes a crystalline por-
tion 3115b that 1s positioned in the region 1n which the TFD 1s
to be formed and that 1s formed of the second film 309 and the
first film 308, and a crystalline portion 3114 that 1s positioned
in the region 1n which the TFTs are to be formed and that 1s
formed of the second film 309 only. Therefore, in the crystal-
line silicon film 311, the thickness of the crystalline portion
3115 becomes greater than the thickness of the crystalline
portion 311a by the amount corresponding to the thickness of
the first film 309. Also, as described above with reference to
FIG. 2(D), in the obtained crystalline semiconductor film
311, the surface roughness of the crystalline portion 3115
becomes greater than the surface roughness of the crystalline
portion 311a.
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Next, as shown 1n FIG. 7(E), the crystalline silicon film 311
1s patterned to form 3127, 312p, 312g, and 312d. Here, a
semiconductor layer 312z that will later become the active
region of the N-channel TFT, a semiconductor layer 312p that
will later become the active region of the P-channel TFT, and
a semiconductor layer 312¢ that will later become the active
region of the pixel TFT and a lower electrode of the auxiliary
capacitor are formed of the crystalline portion 311a of the
crystalline silicon film 311 that 1s thinner and has a smaller
surface roughness. A semiconductor layer 3124 that will later
become the active region of the optical sensor TFD 1s formed
ol the crystalline portion 3115 that 1s thicker and has a greater
surface roughness.

Next, as shown 1n FIG. 8(F), a gate insulating film 313 1s
formed so as to cover these semiconductor layers 3127, 312p,
312¢g, and 312d. After that, on the gate mnsulating film 313,
doping masks 314#, 314p, 3142, and 3144 made of a photo-

resist are formed. The doping mask 314# 1s disposed so as to
cover a portion of the semiconductor layer 312# that becomes
the channel region. The doping mask 314¢g1s disposed so as to
cover the semiconductor layer 312¢g except for a portion that
becomes the auxiliary capacitor. The doping masks 314p and
3144 are disposed so as to cover the entire semiconductor
layers 312p and 3124, respectively.

In this condition, a first low-concentration n-type impurity
(phosphorus) 315 1s doped into the portions of the semicon-
ductor layers 3127 and 312¢ that are not covered with the
doping masks 314» and 314g. As a doping gas, phosphine
(PH,) 1s used. The acceleration voltage 1s set 1n a range of 60
to 90 KV (70 kV, for example). The dosage 1s set 1n a range of
110" to 1x10'* cm™ (2x10™° cm™7, for example). As a
result, first low-concentration n-type regions 314» are formed
in the portions of the semiconductor layer 312# that becomes
the active region of the N-channel TFT (portions that become
source and drain regions as well as LDD regions). Also, a first
low-concentration n-type region 314¢ 1s formed 1n the portion
(portion that becomes the auxiliary capacitor) of the semicon-
ductor layer 312¢ that becomes the active region of the pixel
TFT and the auxihiary capacitor. The low-concentration phos-
phorus 3135 1s not implanted 1nto other regions.

Next, after removing the doping masks 314%, 314p, 314g,
and 3144, as shown in FIG. 8((G), gate electrodes 317 and
317p are formed over the semiconductor layers 312z and
312p, respectively. Also, over the semiconductor layer 312g,
two gate electrodes 317¢ and an upper electrode 317s of the
auxiliary capacitor unit are formed. Then, a resist mask 318 1s
disposed so as to cover the entire semiconductor layer 3124 of
the TFD.

The gate electrode 317% 1s disposed over the semiconduc-
tor layer 312#» so as to overlap the portion that becomes the
channel region and also overlap portions of the low-concen-
tration n-type regions 314# located on both sides of the afore-
mentioned portion that becomes the channel region. The gate
clectrode 317p 1s disposed over the semiconductor layer 312p
so as to overlap the portion that becomes the channel region.
The gate electrodes 317g are disposed over the semiconduc-
tor layer 312¢g so as to overlap two portions that become the
channel regions, respectively.

In this condition, a second n-type impurity (phosphorus)
319 1s doped 1nto the semiconductor layers 3127, 312p, and
312g at a low concentration. As a doping gas, phosphine
(PH,) 1s used. The acceleration voltage 1s set in a range of 60
to 90 kKV (70 kV, for example). The dosage 1s set 1n a range of
110" to 1x10™ cm™ (2x10" c¢cm™2, for example). As a
result, second low-concentration n-type regions 320, 320p,
and 320¢g are respectively formed 1n the portions of these
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semiconductor layers 3127, 312p, and 312g that are not cov-
ered with the gate electrodes 3177, 317p, and 317¢ and the
upper electrode 317s.

After removing the resist mask 318, as shown in FIG. 8(H),
new resist masks 321p, 321¢g, and 3214 are formed on the
semiconductor layers 312p, 312¢g, and 312d, respectively.
The resist mask 321p 1s formed so as to cover the entire
semiconductor layer 312p. The resist masks 321g are dis-
posed on the semiconductor layer 312g so as to cover the
respective gate electrodes 317g and portions of the second
low-concentration n-type regions 320g that are positioned
below the both ends of the respective gate electrodes 317¢.
The resist mask 3214 1s disposed so as to cover the semicon-
ductor layer 312d except for the portion that becomes an
n-type region.

In this condition, a high concentration doping with an
n-type impurity (phosphorus) 322 1s performed. As a doping
gas, phosphine (PH,) 1s used. The acceleration voltage 1s set
in a range of 60 to 90 kV (70 kV, for example). The dosage 1s
set in a range of 1x10™ to 1x10'° cm™ (5x10" cm™, for
example). As a result, source and drain regions 323 are
tormed 1n the portions that are part ol the semiconductor layer
312% that becomes the active region of the N-channel TFT
and that are not covered with the gate electrode 317x. Also,
the portions of the second low concentration n-type region
that are covered with the gate electrode 3177, and 1nto which
the phosphorus 322 was not implanted, become GOLD
regions 324n. A portion that 1s sandwiched by the GOLD
regions 324x, and into which the phosphorus 322 was not
implanted, becomes a channel region 329#%. The phosphorus
322 is not implanted into the semiconductor layer 312p that
becomes the active region of the P-channel TFT. On the other
hand, 1n the semiconductor layer 312¢g that becomes the active
region of the pixel TF'T and the auxiliary capacitor, the por-
tions that are not covered with the resist masks 321¢, and nto
which the phosphorus 322 was implanted at a high concen-
tration, become source and drain regions 323g. In the second
low concentration n-type region, the portions that are covered
with the resist masks 321g, and into which the phosphorus
322 was not implanted, become LDD regions 325¢g. Also, 1n
the semiconductor layer 312g, the portions covered with the
gate electrodes 317¢g become channel regions 329¢, and the
portion covered with the upper electrode 317s remains the
first low concentration n-type region and becomes a lower
clectrode 324¢ of the auxiliary capacitor. Further, 1n the semi-
conductor layer 3124 that becomes the active region of the
TFD, an n-type region 3234 1s formed in the portion not
covered with the resist mask 3214d.

In this specification, an LDD region overlapped by a gate
clectrode 1s referred to as “GOLD region” to distinguish 1t
from an LDD region not overlapped by (disposed with an
offset from) a gate electrode (which 1s simply referred to as
“LDD region™).

Next, the resist masks 321p, 321¢g, and 3214 are removed.,
and new resist masks 3267, 326¢, and 3264 are formed over
the semiconductor layers 3127, 312g, and 3124, respectively,
as shown 1n FIG. 9(I). The resist masks 3267» and 326g are
formed so as to cover the entire semiconductor layers 312
and 312g, respectively. The resist mask 3264 1s disposed so as
to cover the semiconductor layer 312d except for the portion
that becomes a p-type region.

In this condition, a high concentration doping with a p-type
impurity (boron) 327 1s performed. As a doping gas, diborane
(B,H,)1s used. The acceleration voltage 1s set 1n a range of 40
to 90 KV (73 kV, for example). The dosage 1s set 1n a range of
110" to 1x10'° cm™ (3x10'> cm™2, for example). As a

result, 1n the semiconductor layer 312p that becomes the
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active region of the P-channel TF'T, source and drain regions
328p are formed 1n the portions not covered with the gate
clectrode 317p. The portion of the semiconductor layer 312p
that 1s covered with the gate electrode 317p, and 1nto which
the boron 327 was not implanted, becomes a channel region 53
329p. The high concentration boron 327 1s not implanted into
the semiconductor layers 3127z and 312¢. In the semiconduc-
tor layer 3124 of the TFD, the high concentration boron 327

1s 1implanted into a portion thereof, which becomes a p-type
region 328d. A portion of the semiconductor layer 3124 that 10
has neither phosphorus nor boron implanted into becomes an
intrinsic region 3294.

Next, after the resist masks 3267, 3262, and 3264 arc
removed, a heat treatment 1s performed to activate the impu-
rities (phosphorus and boron) implanted 1nto the respective 15
semiconductor layers. The method and conditions of the acti-
vation process may be similar to the method and conditions
described in Embodiment 1 (FIG. 3(1)), for example.

Next, as shown in FIG. 9(J), a silicon mitride film 330 and
a silicon oxide film 331 are formed in this order as interlayer 20
insulating films. A heat treatment for hydrogenation may be
conducted 1 necessary. After that, 1n a manner similar to the
method described above with reference to FIG. 3(J), contact
holes are formed 1n the interlayer insulating films 330 and
331, and then, electrodes/wiring lines 3327, 332p, 332¢, and 25
332d are formed.

In this manner, an N-channel thin film transistor 333, a
P-channel thin film transistor 334, a pixel thin film transistor
335, an auxiliary capacitor 336, and a thin film diode 337 can
be obtained. Contact holes may be formed on the gate elec- 30
trodes of the thin film transistors 333 and 334 constituting a
circuit such that the gate electrodes are connected to source
and drain regions or gate electrodes of other TFTs on the
substrate through the source and drain wiring lines. Also, a
protective film may be disposed on these elements as neces- 35
sary.

According to this embodiment, similar to the embodiments
described above, the surface roughness of the semiconductor
layer of the thin film diode 337 1s greater than the surface
roughness of the semiconductor layers of the thin film tran- 40
sistors 333 to 335. Therefore, 1n the thin film diode 337, the
reflection of light on the surface of the semiconductor layer
can be suppressed. Also, because the semiconductor layer of
the thin film diode 337 1s thicker than the semiconductor
layers of the thin film transistors 333 to 335, the optical 45
absorption rate thereof can be enhanced. Therefore, the opti-
cal sensitivity can be improved in a synergistic manner,
resulting in the increase in the light current and the improve-
ment of the SN ratio.

Also, because the thickness and the surface roughness of 50
the semiconductor layers of the thin film transistors 333 to
335 are maintaimned smaller, the following effects can be
achieved.

In the thin film transistor 335, which 1s a pixel TFT, a
leakage current at the time of OFF operation can be sup- 55
pressed. Therefore, backlight bleeding and the display non-
uniformity caused by the leakage current can be suppressed,
and failures such as dot defects can be reduced. In the thin film
transistors 333 and 334 constituting a driver circuit, the break-
down voltage characteristics and the reliability against gate 60
bias stress of the gate msulating {ilm can be enhanced. Also,
because the sub-threshold characteristics and the field effect
mobility can be enhanced, the driving capacity of the driver
circuit can be improved.

Further, the thickness and the surface roughness of the 65
semiconductor layer constituting the lower electrode of the
auxiliary capacitor 336 are also maintained small. Therefore,
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the breakdown voltage characteristics of the auxiliary capaci-
tor section can be improved, and the rate of failure such as dot
defects caused by leakages that occurs in the auxiliary capaci-
tor 336 can be thereby reduced.

As described above, according to this embodiment, the
semiconductor layers of the thin film transistors 333 to 335
and the semiconductor layer 337 of the thin film diode (opti-
cal sensor TFD) can be optimized according to the respective
applications and requirements, and therefore, the required
device characteristics can be respectively achieved. As a
result, 1t 1s possible to provide a compact and ideal interactive
display device with a high sensor sensitivity, a high quality
displaying capability, and a smaller non-display region.
Also, according to the manufacturing method of this
embodiment, the display device described above can be
manufactured at a low cost with a fewer number of process
steps. Inparticular, as shown 1n the above-mentioned method,
because the doping process to form the source and drain
regions of the thin film transistors 333 to 335 and the doping
process to form the n-type or p-type region of the thin film
diode 337 are performed simultaneously, the manufacturing
process can be further simplified. Further, this method
becomes more advantageous when the P-channel and the
N-channel thin film transistors 334 and 333 are formed s1mul-
taneously (a CMOS structure TFT), because the n-type impu-
rity doping process for the thin film diode 337 and the thin
f1lm transistor 333 can be performed simultaneously, and the
p-type impurity doping process for the thin film diode 337 and
the thin film transistor 334 can be performed simultaneously.

Embodiment 4

In this embodiment, display devices equipped with a sen-
sor Tunction will be explained. Such display devices are con-
figured with a semiconductor device of any one of the above-
mentioned embodiments.

A display device equipped with a sensor function accord-
ing to this embodiment 1s a liquid crystal display device with
a touch sensor, for example, and includes a display region and
a frame region disposed around the display region. The dis-
play region includes a plurality of display units (pixels) and a
plurality of optical sensor units. Each display unit includes a
pixel electrode and a pixel switching TF'T, and each optical
sensor unit includes a TFD. In the frame region, a display
driver circuit for driving the respective display units 1s dis-
posed. Driver circuit TFT's are used 1n the driver circuit. The
pixel switching TFT, the driver circuit TEFT, and the TFD 1n
the optical sensor unit are formed on the same substrate by the
method described i Embodiments 1 to 3. In the display
device of the present invention, among the TFT's used 1n the
display device, at least the pixel switching TFT needs to be
formed on the same substrate with the TFD of the optical
sensor unit by the above-mentioned method. That 1s, the
driver circuit may be disposed on a different substrate sepa-
rately, for example.

In this embodiment, the optical sensor unit 1s disposed
adjacent to the corresponding display unit (a pixel of a pri-
mary color, for example). A single display unit may have a
single optical sensor unit, or may have a plurality of optical
sensor units. Alternatively, a single optical sensor unit may be
disposed for each set of a plurality of display units. A single
optical sensor unit can be disposed for color display pixels
constituted of pixels of three primary colors (RGB), for
example. As described above, the number of the optical sen-
sor units relative to the number of the display units (density)
can be appropriately selected according to a resolution.
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When a color filter 1s disposed on a viewer’s side of the
optical sensor unit, the sensitivity of the TFD constituting the
optical sensor unit may be deteriorated. Therefore, it 1s pret-
erable that no color filter be disposed on the viewer’s side of
the optical sensor unit.

The configuration of the display device according to this
embodiment 1s not limited to the above-mentioned configu-
ration. The TFD of the optical sensor can be disposed 1n the
frame region to configure a display device equipped with an
ambient light sensor that controls a display brightness accord-
ing to the brightness of ambient light, for example. Also, a
color filter can be disposed on the viewer’s side of the optical
sensor unit. In this way, light through the color filter 1s
received by the optical sensor unit, and the optical sensor unit
can thereby function as a color 1mage sensor.

Hereinafter, with reference to figures, a configuration of
the display device according to this embodiment will be
explained using a touch panel liqud crystal display device
equipped with a touch panel sensor as an example.

FIG. 10 1s a circuit diagram 1llustrating an example of the
configuration of the optical sensor unit disposed 1n the display
region. The optical sensor unit has a thin film diode 701 for an
optical sensor, a capacitor 702 for signal storage, and a thin
f1lm transistor 703 for retrieving signals stored in the capaci-
tor 702. After an RST signal 1s mput and RST potential 1s
written 1n a node 704, when the potential of the node 704
lowers due to the leakage caused by light, the gate potential of
the thin film transistor 703 changes and the TFT gate there-
fore opens/closes. The signal VDD can be extracted 1n this
way.

FIG. 11 1s a cross-sectional view schematically showing an
example of an active matrix type touch panel liquid crystal
display device. In this example, one optical touch sensor unit
including an optical sensor unit 1s disposed for each pixel.

The liquid crystal display device shown in the figure
includes a liquid crystal module 802 and a backlight 801
disposed on the rear surface side of the liquid crystal module
802. Although not shown in the figure, the liquid crystal
module 802 1s constituted by a light-transmissive rear sub-
strate, a front substrate disposed opposite to the rear substrate,
and a liquid crystal layer disposed between these substrates,
for example. The liquid crystal module 802 has a plurality of
display units (primary color pixels), and each display unit has
a pixel electrode (not shown) and a pixel switching thin film
transistor 805 connected to the pixel electrode. Also, an opti-
cal touch sensor unit including a thin film diode 806 1s dis-
posed adjacent to each display unit. Although not shown in
the figure, a color filter 1s disposed for each display unit on the
viewer’s side. No color filter 1s disposed on the viewer’s side
ol the optical touch sensor unit. A light shielding layer 807 1s
disposed between the thin film diode 806 and the backlight
801. Theretore, light from the backlight 801 1s blocked by the
light shielding layer 807 and does not enter the thin film diode
806, and the thin film diode 806 therefore receives ambient
light 804 only. The incidence of this ambient light 804 is
detected by the thin film diode 806. In this manner, a photo-
sensing touch panel 1s achieved. The light shielding layer 807
needs to be disposed such that at least the light from the
backlight 801 1s blocked from entering the intrinsic region of
the thin {ilm diode 806.

FI1G. 12 15 a plan view schematically showing an example
of the rear substrate 1n the active matrix type touch panel
liquad crystal display device. The liquid crystal display device
according to this embodiment 1s constituted by a large num-
ber of pixels (R, G, and B pixels), but the figure here only
shows two pixels for simplification.
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A rear substrate 1000 includes a plurality of display units
(pixels), each of which includes a pixel electrode 22 and a
pixel switching thin film transistor 24, and optical touch sen-
sor units that are disposed adjacent to the respective display
units and that has an optical sensor photodiode 26, a capacitor
28 for signal storage, and an optical sensor follower thin film
transistor 29.

The thin film transistor 24 has a configuration similar to
that of the TFT explained in Embodiment 3, which i1s a dual
gate LDD structure including two gate electrodes and LDD
regions, for example. In the thin film transistor 24, the source
region 1s connected to a pixel source bus line 34, and the drain
region 1s connected to the pixel electrode 22. The thin film
transistor 24 1s turned on/oil by a signal from a pixel gate bus
line 32. In this manner, the pixel electrode 22 and a common
clectrode formed on a front substrate placed opposite to the
rear substrate 1000 apply voltages to the liquid crystal layer to
change the ornentation state of the liquid crystal layer for
performing display.

On the other hand, the optical sensor photodiode 26 has a
configuration similar to that of the TFD explained in Embodi-
ment 3, and includes a p™-type region 26p, an n™-type region
26n, and an 1intrinsic region 26: interposed between these
regions 26p and 26#, for example. The capacitor 28 for signal
storage uses a gate electrode layer and an Si layer as the
clectrodes and forms a capacitor with the gate insulating film.
In the optical sensor photodiode 26, the p™-type region 26p 1s
connected to an optical sensor RST signal line 36, and the
n*-type region 26» 1s connected to the lower electrode (51
layer) in the capacitor 28 for signal storage, and further con-
nected to an optical sensor RWS signal line 38 through this
capacitor 28. Further, the n™ region 26# 1s connected to the
gate electrode layer 1n the optical sensor follower thin film
transistor 29. The source and drain regions of the optical
sensor follower thin film transistor 29 are respectively con-
nected to an optical sensor VDD signal line 40 and an optical
sensor COL signal line 42.

As described above, the optical sensor photodiode 26, the
capacitor 28 for signal storage, and the optical sensor fol-
lower thin film transistor 29 are corresponding to the thin film
diode 701, the capacitor 702, and the thin film transistor 703
in the driver circuit shown 1n FIG. 10, respectively, and are
constituting a driver circuit of the optical sensor. The photo-
sensing operation of this driver circuit will be explained here-
inafter.

(1) First, an RWS signal 1s written 1n the capacitor 28 for
signal storage by the RWS signal line 38. This generates a
positive electric field 1 the n™-type region 26% side of the
optical sensor photodiode 26, creating the reverse bias state of
the optical sensor photodiode 26. (2) In the optical sensor
photodiode 26 located 1n a region of the surface of the sub-
strate that 1s 1rradiated with light, the light leakage 1s gener-
ated, and the electrical charges are thereby released to the
RST signal line 36 side. (3) As aresult, the electrical potential
of the n*-type region 26# side 1s lowered, and by this change
in the electric potential, the gate voltage applied to the optical
sensor follower thin film transistor 29 1s changed. (4) On the
source side of the optical sensor follower thin film transistor
29, the VDD signal 1s applied from the VDD signal line 40.
When the gate voltage 1s changed as described above, the
value of electric current tlowing into the COL signal line 42
connected to the drain side 1s changed, and therefore, the
clectric signal can be extracted from the COL signal line 42.
(5) An RST signal from the COL signal line 42 1s written 1n
the optical sensor photodiode 26 to reset the electrical poten-
tial of the capacitor 28 for signal storage. Photo-sensing can
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be performed by repeating the above-mentioned operations
(1) to (5) 1n a scanning manner.

The configuration of the rear substrate of the touch panel
liquad crystal display device according to this embodiment 1s
not limited to the configuration shown 1n FIG. 12. The aux-
iliary capacitor (Cs) may be disposed for each pixel switching
TFT, for example. Also, 1n the example shown 1n the figure,
the optical touch sensor unit 1s disposed adjacent to each one
of the RGB pixels. However, as described above, one optical
touch sensor unit may be disposed for a set of three pixels
having the RGB pixels (color display pixels).

Here, FI1G. 11 1s referenced again. In the example described
above, as shown 1n the cross-sectional view 1n FIG. 11, the
thin film diode 806 1s disposed 1n the display region and used
as a touch sensor. However, the thin film diode 806 may also
be disposed outside of the display region and used as an
ambient light sensor that controls the luminance of the back-
light 801 according to the brightness of the ambient light 804.

FIG. 13 1s a perspective view 1llustrating an example of the
liquid crystal display device equipped with an ambient light
sensor. A liquid crystal display device 2000 includes an LCD
substrate 50 having a display region 52, a gate driver 56, a
source driver 38, and an optical sensor unit 54, and a backlight
60 disposed on the rear surface side of the LCD substrate 50.
In the LCD substrate 50, the region that 1s disposed around the
display region 52 and that has the drivers 56 and 58 as well as
the optical sensor unit 54 may also be referred to as a “frame
region.”

The luminance of the backlight 60 1s controlled by a back-
light control circuit (not shown). Although not shown in the
figure, TFTs are used in the display region 352 and in the
drivers 56 and 58, and TFDs are used in the optical sensor unit
54. The optical sensor unit 54 generates an 1lluminance signal
according to the brightness of ambient light and outputs the
signal to the backlight control circuit through the connection
using a flexible substrate. The backlight control circuit gen-
erates backlight control signals according to this 1lluminance
signal and outputs a control signal to the backlight 60.

An organic EL display device with an ambient light sensor
can also be configured using the present invention. Similar to
the liguid crystal display device shown 1n FIG. 13, such an
organic EL display device can be configured to have a display
unit and an optical sensor unit on the same substrate. There 1s,
however, no need to dispose the backlight 60 on the rear
surface side of the substrate. In this case, the optical sensor
unit 54 1s connected to the source driver 38 through wiring
lines disposed in the substrate 50, and the i1lluminance signal
from the optical sensor unit 34 1s input into the source driver
58. The source driver 58 changes the luminance of the display
unit 52 according to the illuminance signal.

The specific embodiments of the present invention have
been described above, but the present invention 1s not limited
to such embodiments, and various modifications can be made
based on the technical concept of the present invention. The
TFTs of the present mvention can also be used to form a
circuit for analog driving and a circuit for digital driving on a
glass substrate simultaneously. In case of a circuit for analog
driving, for example, the circuits include a source side driver
circuit, pixel units, and a gate side driver circuit. The source
side driver circuit includes a shift register, a bulfer, and a
sampling circuit (transfer gate). The gate side driver circuit
includes a shift register, a level shifter, and a bufler. A level
shifter circuit may be disposed between the sampling circuit
and the shift register, 1 necessary. Also, according to the
manufacturing method of the present invention, a memory or
a microprocessor can be formed as well.
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According to the present invention, a semiconductor
device that has, on the same substrate, a TFT and a TFD with
desired characteristics can be obtained by using semiconduc-

tor films optimized for the respective semiconductor ele-
ments. Therefore, TFTs that have a high field effect mobility
and a high ON/OFF ratio and that are used for driver circuits
and for pixel electrode switching, and TFDs that have a low
dark current value and a high light SN ratio (the ratio of the
current value under the light to the current value 1n the dark-
ness) and that are used as optical sensors can be fabricated in
the same manufacturing process. Among these semiconduc-
tor layers, by optimizing the surface roughness and the thick-
ness of the channel region of the TFT that largely affects the
field effect mobility, and the surface roughness and the thick-
ness of the intrinsic region of the TFD that largely affects the
optical sensitivity in particular, the optimal element charac-
teristics for the respective semiconductor elements can be
achieved. Further, because such a high performance semicon-
ductor device can be manufactured by the simpler method,
not only the size reduction and the performance enhancement
ol a product can be achieved, but also the manufacturing cost
thereof can be reduced.

INDUSTRIAL APPLICABILITY

The present ivention can be widely used for a semicon-
ductor device including a TFT and a TFD, and for electronic
devices 1n every field having such a semiconductor device.
The present invention can be used for a CMOS circuit or a
pixel unit 1n an active matrix liqud crystal display device as
well as an organic EL display device, for example. Such
display devices can be used for a display screen of a mobile
phone or a portable gaming device, a monitor of a digital
camera, or the like, for example. Therefore, the present inven-
tion can be used for all electronic devices including a liquad
crystal display device or an organic EL display device.

In particular, the present invention can be suitably used for
display devices, such as an active matrix liquid crystal display
device and an organic EL display device, an image sensor, an
optical sensor, or an electronic device configured by combin-
ing such. It 1s particularly advantageous to use the present
invention for a display device equipped with an optical sensor
function utilizing a TFD, and an electronic device including
such a display device. Also, the present invention can also be
used for an 1image sensor including an optical sensor that uses
a TFD, and a driver circuit that uses a TFT.

DESCRIPTION OF REFERENCE CHARACTERS

101 substrate

102 light shielding layer

103, 104 underlying films

1035 first amorphous semiconductor film (amorphous sili-
con {1lm)

107 first crystalline semiconductor film (crystalline silicon
{1lm)

108 first film (crystalline silicon film)

109 second amorphous semiconductor film (amorphous
silicon {ilm)

109a portion of second amorphous semiconductor film not
overlapping first film

1096 portion of second amorphous semiconductor film
overlapping first film

111 crystalline semiconductor film (crystalline silicon
film)

111a thinner portion of crystalline semiconductor film

1115 thicker portion of crystalline semiconductor film
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113, 114 1sland-shape semiconductor layers
115 gate msulating film

116 gate electrode
112, 117 masks
118 n-type impurity (phosphorus) d
119 source and drain regions

120 n™-type region

121 channel region

123 p-type impurity (boron)

124 p*-type region

125 1ntrinsic region

126, 127 interlayer msulating films

128 electrodes/wiring lines of thin film transistor
129 electrodes/wiring lines of thin film diode
130 thin film transistor

131 thin film diode

10

15

The mvention claimed 1s:

1. A semiconductor device comprising:

a thin film transistor that includes a semiconductor layer
including a channel region, a source region, and a drain
region, a gate electrode that controls conductivity of the
channel region, and a gate insulating film disposed
between the semiconductor layer and the gate electrode;
and

a thin film diode that includes a semiconductor layer
including at least an n-type region and a p-type region,

wherein the semiconductor layer of the thin film transistor
and the semiconductor layer of the thin film diode are
both crystalline semiconductor layers,

wherein the semiconductor layer of the thin film transistor
and the semiconductor layer of the thin film diode
include portions formed by crystallizing a same amor-
phous semiconductor film,

wherein a thickness of the semiconductor layer of the thin
f1lm diode 1s greater than a thickness of the semiconduc-
tor layer of the thin film transistor,

wherein a difference between the thickness of the semicon-
ductor layer of the thin film transistor and the thickness
of the semiconductor layer of the thin film diode 1is
greater than 25 nm, and

wherein surface roughness of the semiconductor layer of
the thin film diode 1s greater than surface roughness of
the semiconductor layer of the thin film transistor.

2. The semiconductor device according to claim 1, wherein
an arithmetic average roughness Ra of a surface of the semi-
conductor layer of the thin film diode 1s greater than an
arithmetic average roughness Ra of a surface of the semicon-
ductor layer of the thin film transistor.

3. The semiconductor device according to claim 1, wherein
a maximum height Rz of the surface of the semiconductor
layer of the thin film diode 1s greater than a maximum height
Rz of the surface of the semiconductor layer of the thin film
transistor.

4. The semiconductor device according to claim 1, wherein
ridges are formed on the surfaces of the semiconductor layer
of the thin film transistor and the semiconductor layer of the
thin film diode, and

wherein an average height of the ridges formed on the
surface of the semiconductor layer of the thin film diode
1s greater than an average height of the ndges formed on
the surface of the semiconductor layer of the thin film
transistor.
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5. The semiconductor device according to claim 1, wherein

ridges are present on boundaries of crystal grains included in
the semiconductor layers.

6. The semiconductor device according to claim 1,

wherein the thin film diode further comprises an ntrinsic

region disposed between the n-type region and the
p-type region of the semiconductor layer of the thin film
diode, and

wherein, 1n the semiconductor layer of the thin film diode,

surface roughness of at least the intrinsic region 1s
greater than the surface roughness of the semiconductor
layer of the thin film transistor.

7. The semiconductor device according to claim 1, wherein
the thin film transistor i1s a plurality of thin film transistors
including an N-channel thin film transistor and a P-channel
thin film transistor.

8. A display device, comprising:

a display region having a plurality of display units;

a frame region disposed around the display region; and

an optical sensor unit including a thin film diode,

wherein each of the display units includes an electrode and
a thin film transistor connected to the electrode,

wherein the thin film transistor and the thin film diode are
formed on a same substrate,

wherein the thin film transistor comprises a semiconductor

layer including a channel region, a source region, and a
drain region, a gate nsulating film disposed so as to
cover the semiconductor layer, and a gate electrode dis-
posed on the gate insulating film,

wherein the thin film diode comprises a semiconductor

layer including at least an n-type region and a p-type
region,

wherein the semiconductor layer of the thin film transistor

and the semiconductor layer of the thin film diode are
both crystalline semiconductor layers,

wherein the semiconductor layer of the thin film transistor

and the semiconductor layer of the thin film diode
include portions formed by crystallizing a same amor-
phous semiconductor film,

wherein a thickness of the semiconductor layer of the thin

f1lm diode 1s greater than a thickness of the semiconduc-
tor layer of the thin film transistor,

wherein a difference between the thickness of the semicon-

ductor layer of the thin film transistor and the thickness
of the semiconductor layer of the thin film diode 1s
greater than 25 nm, and

wherein surface roughness of the semiconductor layer of

the thin film diode 1s greater than surface roughness of
the semiconductor layer of the thin film transistor.

9. The display device according to claim 8,

wherein the display region further comprises a backlight

and a backlight control circuit that adjusts a luminance
of light emitted by the backlight, and

wherein the optical sensor unit generates an 1lluminance

signal according to a brightness of ambient light and
outputs the signal to the backlight control circuit.

10. The display device according to claim 9, comprising a
plurality of optical touch sensor units each of which has the
alforementioned optical sensor unit,

wherein each of the plurality of optical touch sensor units

are disposed in the display region so as to correspond to
cach of the display units or to each of a set ol two or more
display units.
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